The Separation and Detection of <i>Salmonella</i> From Foods Using Immunomagnetic Particles by Blackburn, Clive de Warrenne
THE SEPARATION AND DETECTION OF SALMONELLA FROM FOODS USING 
IMMUNOMAGNETIC PARTICLES 
by 
Clive de warrenne Blackburn, B. Sc. 
August 1991 
A thesis submitted to the University of Surrey in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy 
school of Biological sciences Department of Applied microbiology 
University of surrey 
Guildford 
Surrey 
GU2 5XH 
Leatherhead Food RA 
Randalls Road 
Leatherhead 
surrey 
KT22 7RY 
-i- 
SUMMARY 
A Salmonella-specific separation technique using antibody-coated 
magnetic particles was developed. Factors affecting target antigen 
production, cell multiplication and immunocapture were studied. 
Flagellar antigen production by Salmonella typhimurium in four liquid 
media was compared and found to be inhibited in GN broth. migration 
through semi-solid media did not enhance the density of flagellar 
antigens. 
The addition of trypsin to skimmed milk powder pre-enrichment broths 
did not affect the growth of salmonella panama but did inhibit the 
growth of other Enterobacteriaceae in some samples. 
salmonella-specific antisera coupled to a magnetic gel, Magnogel ACA 
44, were used to separate S. typhimurium from binary mixtures. 
salmonella enrichment was found to be due to cell interaction with 
the glass walls of the reaction vessel. 
The IgG fraction of antiserum, raised in rabbit against repolymerised 
flagellin from S. typhimurium, was bound to various magnetic 
particles. Bacterial binding was quantified using a bioluminescence 
technique and Dynabeads were selected for further work. Factors 
affecting immunological and non-specific binding of bacteria to 
Dynabeads were studied. using immunoDynabeads S. typhimurium was 
enriched (3 to >2700-fold) from binary mixtures. 
Four commercially available antisera against salmonella were bound to 
Dynabeads. BacTrace CSA-1 antibody bound salmonellae in the highest 
numbers and was used for further work. An optimised immunoDynabead 
separation technique was combined with conductance measurements to 
detect salmonellae. 
salmonella enteritidis was detected in artificially contaminated egg 
yolk down to a level of 1x 105 cfu/g within 30 min using an 
immunoDynabead bioluminescence technique. An immunoDynabead streaking 
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technique was applied at various stages of a conventional cultural 
method for salmonella detection in raw and processed foods. The 
separation technique showed potential for application after 
pre-enrichment. 
using an immunoDynabead ELISA heat-treated S. enteritidis antigens 
were separated and detected down to a level of 105-106 cfu/g in 
artificially contaminated egg yolk. 
(c) Clive de Warrenne Blackburn 1991 
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1 GENERAL INTRODUCTION 
Traditional methods for the detection of salmonella in foods are 
based upon cell multiplication in pre- and selective enrichment 
broths, and then on selective and differential agar media. successful 
detection, therefore, is reliant upon a sufficiently high target cell 
concentration and ratio of salmonella to non-salmonella in the 
enrichment broth prior to plating. This procedure is labour-intensive 
and time-consuming, requiring at least four days for salmonella 
isolation (D'Aoust, 1981). 
The incubation times for the liquid cultural enrichment steps have 
largely been chosen on the basis of overnight incubations. Inhibitory 
interactions have been shown to occur between gram-negative organisms 
(Jameson, 1962) and there is evidence that this phenomenon also 
occurs in food pre-enrichment broths (Beckers et al., 1987). Even 
though efforts to reduce either of the enrichment steps to within a 
working day (8 h or less) have led, in many cases, to a loss of 
detection sensitivity (Andrews, 1986) there could be long periods of 
incubation in which the salmonellae are not increasing in cell number 
or in ratio relative to the other bacterial flora. 
much research effort has focused on the development of rapid methods 
for the detection of salmonella in foods. most current salmonella 
rapid methods based on ELISA (Lambiri et al., 1990), fluorescent 
antibodies (Thomason, 1981), enrichment serology (Holbrook et al., 
1989a), impedance (Easter & Gibson, 1985), latex agglutination (Bird 
et al., 1989) and nucleic acid probes (Flowers et al., 1987) still 
require at least two days of cultural enrichment. The periods of 
enrichment are required to ensure a salmonella concentration greater 
than the limit of sensitivity of the detection techniques. one 
approach to reduce the culture time could be an increase in the 
sensitivity of the detection technique e. g. enzyme amplification 
techniques for ELISAS (Stanley et al., 1985) and PCR for nucleic acid 
probes (Bej et al., 1990). Alternatively, or in addition, a target 
cell separation and concentration technique could be applied. 
Although separation techniques based on filtration (Pettipher, 1986), 
centrifugation (Jeffers et al., 1977), aqueous two-phase systems 
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(Str6m et al., 1987), ion exchange chromatography (Daniels & Kempe, 
1966), hydrophobic-hydrophilic gels (Patel, 1984), electrophoretic 
methods (Pohl, 1978; Ramsey et al., 1980) and affinity chromatography 
(Patel, 1984) have been developed, there is still a lack of reliable 
separation techniques for pathogens. Application of a specific 
separation and concentration technique could obviate the need for 
extensive cultural enrichment and therefore provide a real time 
saving in salmonella detection methodology. 
The broad objective of the present study was to investigate the use 
of antibody-coated magnetic particles for the separation of 
salmonella from foods. It was envisaged that the use of 
immunomagnetic particles would provide a simple, rapid and specific 
separation and concentration of Salmonella, together with the 
flexibility of allowing coupling with a range of detection systems. 
several approaches were taken to achieve this aim. 
Maximising the multiplication of salmonella and minimising the growth 
of competitor organisms prior to separation would increase salmonella 
capture and enrichment. Trypsin has been reported to improve the 
sensitivity of the immunofluorescent technique for salmonella 
detection and to prevent the overgrowth of other organisms (Reamer et 
al., 1969) and it was considered that this might be of benefit to the 
immunomagnetic separation technique. 
The production of salmonella antigens, to which the immunomagnetic 
separation technique is targeted, will affect Salmonella capture and 
subsequent detection if an immunological technique is used. The 
growth medium has been shown to affect the detection limit of an 
ELISA for salmonella (Flowers, 1985). The approach was to investigate 
whether flagellar antigen production was affected by the choice of 
the growth medium, which could then be optimised. 
Immunomagnetic particles have been used by Patel (1984) to separate 
salmonella typhimurium from mixed cultures. The factors affecting 
bacterial binding to the particles were not studied and when the 
technique was applied to an artificially contaminated cocoa powder 
pre-enrichment broth no enrichment of salmonella was obtained. The 
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approach was to develop this immunomagnetic particle system, or a 
more suitable one, and to investigate the factors affecting 
salmonella capture and enrichment. The optimised separation procedure 
technique would be used in conjunction with a range of different 
detection techniques and applied to foods. 
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SURVEY OF THE LITERATURE 
The following areas, all of which have direct relevance to the 
present study, are surveyed briefly: 
Public health significance of salmonella 
Detection of Salmonella using conventional cultural methods 
Detection of Salmonella using rapid methods 
separation of micro-organisms from biomaterials 
Immunomagnetic particles for the separation and detection of 
cells and molecules 
2.1 PUBLIC HEATTH SIGNIFICANCE OF SALMONELLA 
Classification 
The designation salmonella was first used by Lignibres in 1900 in 
honour of D. E. salmon who characterised the hog cholera bacillus. 
salmonellae are gram-negative, facultative anaerobic, mainly 
peritrichously flagellated non-spore forming rods comprising a genus 
within the family Enterobacteriaceae (D'Aoust, 1989). The Salmonella 
genus has been classified into serotypes based on somatic (0), 
capsular (Vi) and flagellar (H) antigenic profiles obtained from 
agglutination reactions with homologous antisera. over 2000 
antigenically distinct serotypes have now been recognised (Threlfall 
& Frost, 1990). The majority of human infections are caused by a few 
common serotypes (Anon, 1986) and therefore further subdivision is 
necessary for epidemiolological studies. These methods, including 
phage typing, biotyping, colicin typing, antibiotic susceptibility 
and plasmid and chromosomal fingerprinting, have been reviewed by 
D'Aoust (1989) and Threlfall & Frost (1990). 
source and transmission 
Natural reservoirs of salmonellae include human carriers; domestic 
livestock such as poultry, cattle, pigs, sheep and horses; domestic 
-7- 
pets such as dogs and cats; rodents; reptiles including snakes, 
turtles and lizards; and insects and ticks (Edwards & Galton, 1967; 
Litchfield, 1973). The primary source of salmonellae is the 
vertebrate intestine (Taylor & McCoy, 1969) and the frequency of 
their isolation from domestic poultry has indicated that this may be 
the largest single reservoir (Fagerberg & Avens, 1976). some 
serotypes show host specificity eg. salmonella typhi in man, 
Salmonella gallinarum and salmonella pullorum in poultry and 
salmonella cholerae suis in pigs (ICMSF, 1968; Fagerberg & Avens, 
1976) but most animals are only carriers that regularly excrete 
salmonellae. These excreters can contaminate the environment where 
food, water and sewage act as vehicles of dissemination of the 
organism. Practically any food of animal origin can be the vehicle of 
transmission of salmonellae to man but any food may be contaminated 
if handled by human excreters during production and preparation 
(ICMSF, 1968). 
Pathogenicity 
All salmonella serotypes are potentially pathogenic for man, animals 
or both (Edwards & Galton, 1967). Salmonellosis is the communicable 
disease caused by ingestion of salmonellae and ranges in severity 
from typhoid and paratyphoid fevers, characterised by septicemia, to 
gastrointestinal infection with typical symptoms of nausea, vomiting, 
abdominal pain, diarrhoea and fever. The mortality rates are 
generally low but fatalities do occur particularly among patients 
with underlying illnesses, infants and the aged (Litchfield, 1973). 
The infective dose of salmonella has been the subject of much 
deliberation over the years. Pure culture feeding studies involving 
prison volunteers showed that large doses of ý: 105 organisms were 
necessary to cause disease with wide variation between serotypes and 
strains (McCullough & Eisele, 1951a, 1951b). Investigations of 
outbreaks of salmonellosis, however, have suggested that the 
infective dose was often much lower. Ingestion of : 51000 salmonella 
eastbourne cells and about 50 salmonella napoli cells caused 
salmonellosis in two separate outbreaks involving chocolate (Craven 
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et al., 1975; Greenwood & Hooper, 1983). The evidence from ingestion 
of cheddar cheese contaminated with salmonella typhimurium suggested 
that the infective dose can be as low as a single organism (D'Aoust, 
1989). This adds weight to the consideration that the presence of 
salmonellae at any level in a food as consumed constitutes a severe 
health hazard (ICMSF, 1968). Outbreaks from higher doses involved 
very high rates of attack, short incubation periods (Blaser & Newman, 
1982) and a greater severity of illness (Taylor et al., 1984). The 
infective dose depends on a number of factors including the virulence 
of the salmonella strain, the physical status of the consumer, the 
nature of the food and conditions that alter the number of organisms 
reaching the intestine (Bryan, 1981; Blaser & Newman, 1982). 
Incidence 
Salmonella infection in humans has shown an upward trend from about 
10,400 in 1978 to 18,000 in 1987 (PHLS CDR, 1988, unpublished data). 
These statistics were compiled in the Public Health Laboratory 
Service, s (PHLS) communicable Disease surveillance Centre (CDSC) 
using reports from PHLS and hospital laboratories in England, Wales 
and Ireland and exclude S. typhi and Salmonella paratyphi. Although 
part of the increase can be explained by improved surveillance and 
diagnostic facilities and techniques, and a greater public awareness 
of the importance of salmonellosis, they may not account for the 
scale of the increase seen (PHLS CDR, 1988, unpublished data). This 
trend towards marked annual increases in the total number of cases of 
salmonellosis is repeated in many other countries (D, Aoust, 1989). It 
is generally accepted, however, that reported incidents of foodborne 
disease represent only the "tip of the iceberg" due to not all cases 
being reported or the poisoning agents not discovered (silliker, 
1982). Although since 1981 Campylobacter has overtaken Salmonella as 
the most common cause of gastrointestinal infections (PHLS CDR, 1988, 
unpublished data) there has been evidence of foodborne spread of the 
former in only a few incidents (Anon, 1986). 
The frequency of outbreaks of salmonella food poisoning in which a 
food vehicle has been identified has been reported as being 520% 
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(Anon, 1986; 1989). Poultry, particularly chicken (Humphrey et al., 
1988), and other raw meats have been regarded as the main source of 
Salmonella infection for many years (Litchfield, 1973; Anon, 1986; 
D'Aoust, 1989). more recently eggs have become the most common 
source of salmonella food poisoning in outbreaks reported to the PHLS 
(Anon, 1989). 
The majority of cases of salmonellosis have been caused by relatively 
few serotypes. In England and wales during 1984, six serotypes 
accounted for 76% of all isolates with S. typhimurium responsible for 
nearly 50% (Anon, 1986). From reports compiled by the PHLS CDSC the 
proportion of S. typhimurium isolates has decreased from 47% in 1983 
to 36% in 1987 while salmonella enteritidis has increased from 8% in 
1982 to 33% in 1987 (PHLS CDR, 1988, unpublished data). The majority 
(64%) of the S. enteritidis isolates were phage type (PT) 4. Data 
from the PHLS Division of Enteric Pathogens (DEP) has shown a similar 
pattern (Anon, 1989). Between 1981 and 1987 there has been a two-fold 
increase in S. typhimurium identifications and greater than 6-fold 
increase in S. enteritidis identifications with the total number of 
the other serotypes remaining unchanged. 
S. enteritidis PT4 has dominated the epidemiological picture with 
twice as many isolations in the first ten months of 1988 as in the 
same period in 1987. S. enteritidis PT4 has been the organism most 
frequently implicated in salmonella outbreaks from eggs and probably 
accounts for a hiqh proportion of the recent increase in human 
salmonellosis (Anon, 1989). In addition to contamination by 
penetration of the egg shell, eggs have been shown to become infected 
internally (Anon, 1989). 
Implications 
Human salmonellosis is a major public health problem and has social 
and economic consequences (Humphrey et al., 1988). The resulting 
costs can include epidemiological investigations, laboratory 
diagnoses, treatment of patients and losses sustained by the food 
producer resulting from negative publicity and recall of products. It 
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has been estimated that the S. napoli outbreak in England and wales 
cost $1,012 per case (D'Aoust, 1989). The social consequences include 
pain, suffering and sometimes loss of life. Although the control of 
salmonellosis requires action at all levels of the transmission 
chain, reliable testing using statistically significant sampling and 
sensitive analytical methods is important (ICMSF, 1968; D'Aoust, 
1989). 
2.2 DETECTION OF SALMONELLA USING CONVENTIONAL CULTURAL METHODS 
There are several basic problems in detecting salmonella in foods 
that have affected methodology development. Salmonellae are generally 
distributed heterogeneously in foods in low numbers as compared with 
other bacteria and can be sublethally damaged (Ray et al., 1972; 
Litchfield, 1973). consequently, a series of sequential cultural 
steps have been developed and involve pre-enrichment, selective 
enrichment, selective and differential plating and biochemical and 
serological testing. 
Pre-enrichment 
Many foods are exposed to different kinds of sublethal treatments 
during processing, handling and storage and therefore may contain 
injured Balmonellae (Ray, 1979). All forms of injury involve cell 
membrane damage with loss of internal solutes and increased 
sensitivity to unfavourable chemicals (Hurst, 1977). Pre-enrichment 
in a non-Belective broth medium is used to allow the resuscitation 
and proliferation of injured salmonellae (D'AoUst, 1981). The choice 
of pre-enrichment medium is dependent on the food and the 
recommending food agency or group (D'AOUBt, 1981). Pre-enrichment 
media have also been extensively reviewed by Litchfield (1973) and 
Fricker (1987). 
The method of rehydration of low-moisture foods in pre-enrichment 
medium has been the subject of much research. Increased recovery 
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rates of salmonella have been obtained using soaking methods (van 
Schothorst et al., 1979; Poelma et al., 1986) and stepwise dilution 
to create a high osmotic environment initially (Ray et al., 1972; van 
Schothorst et al., 1979). Conversely, there are reports of no benefit 
from using a soak procedure (Wilson et al., 1985) and the conflicting 
data has been reviewed by Andrews (1986). 
It has been concluded that the incubation time is more critical than 
pre-enrichment media characteristics for effective salmonella 
recovery from foods (D'Aoust & Maishment, 1979). A shortened (6 h) 
pre-enrichment compared with the standard 16-20 h has been found to 
be reliable in some cases but in others has led to a high number of 
false-negative results (D'Aoust, 1981; Andrews, 1985). Due to the 
potential problem of the extended lag phase of stressed salmonellae, 
which can be up to 14 h (Mackey & Derrick, 1982), Fricker (1987) 
recommended a 24 h pre-enrichment. 
Selective enrichment 
Repaired cells regain their resistance to selective compounds and can 
multiply in a selective environment (Ray, 1979). Selective enrichment 
in a liquid medium is performed to allow the preferential 
multiplication of salmonellae before inoculation onto agar (Mackey, 
1985). It has been stated that to detect Salmonella on plating media 
the cell concentration should be at least 104 cfu/ml and should not 
be outnumbered by more than 100 to 1 by other organisms (van 
Schothorst & Renaud, 1983). 
various selective enrichment media have been developed based on 
differential chemical toxicity and temperature of incubation 
(Litchfield, 1973; Fagerberg & Avens, 1976; D'Aoust, 1981; Mackey, 
1985; Fricker, 1987). Due to the fact that no single enrichment broth 
can be depended upon to give consistent salmonella isolation under 
all conditions it is generally agreed to use two broths in parallel 
(Litchfield, 1973; Fagerberg & Avens, 1976). Shortening the selective 
enrichment to 6-8 h has given comparable results to the standard 
incubation of 18-24 h (D'Aoust et al., 1983; Rappold et al., 1984) 
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although false-negative results have been obtained (Sharma & Packer, 
1969) . 
The US Food and Drug Administratiows (US FDA) Bacteriological 
Analytical Manual (1984 Edition) generally recommends direct 
selective enrichment of high moisture non-processed foods. Litchfield 
(1973) stated that pre-enrichment could be detrimental in flesh foods 
due to the inhibition of salmonella by the overgrowth of the other 
organisms. conversely, the possibility of false-negative results due 
to the death of stressed salmonellae from direct selective enrichment 
has been highlighted (D'Aoust, 1981; 1989). These conflicting data 
have been reviewed by Andrews (1986). 
selective and differential plating media 
A wide range of media has been developed (moats, 1981; Fricker, 1987) 
with different food protection agencies recommending different media 
(Litchfield, 1973). The employment of more than one plating medium is 
widely accepted to provide greater reliability for Salmonella 
isolation (Fagerberg & Avens, 1976). 
Biochemical confirmatory tests 
Traditionally, suspect salmonella colonies from plating media have 
been confirmed biochemically using tube media (Litchfield, 1973; 
Moats, 1981). More recently manual and semi-automated miniaturised 
diagnostic kits have become available (Dziezak, 1987). 
2.3 DETECTION OF SALMONELLA USING RAPID METHODS 
A considerable amount of research has focused on the development and 
evaluation of cultural methods for the detection of salmonellae. The 
main disadvantage, however, is the time required to obtain a negative 
result and especially a positive confirmation (Andrews, 1985). This 
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has led to the development of rapid methods for the detection of 
salmonella in foods. 
Rapid cultural methods 
Attempts to reduce the incubation periods of both pre-enrichment and 
selective enrichment have been described previously. combining the 
pre-enrichment and selective enrichment stages has been achieved by 
using wax-coated capsules that gradually released selective agents 
(iodine or selenite) into non-selective basal broths (Sveum & 
Hartman, 1977). However, only when the capsule-containing media were 
incubated for 48 h did the isolation rate approach that obtained 
conventionally thus eliminating the time saving. Sveum & Kraft (1981) 
added iodine or selenite to lactose-tetrathionate or selenite basal 
broths following a4h incubation. The former medium was found to be 
as efficient as the conventional method for the detection of injured 
and uninjured salmonella from foods. 
A membrane filtration method employing a short (6 h) selective 
enrichment has been developed (Entis et al., 1982). The selective 
enrichment culture was filtered through an hydrophobic grid membrane 
filter (HGMF) that was then incubated on a selective agar medium. 
Presumptive Salmonella colonies that developed on the membrane 
underwent conventional biochemical and serological confirmation. 
Entis et al. (1982) compared the HGMF method with a conventional 
cultural method for the detection of salmonella in over 1000 
artificially and naturally contaminated foods. The isolation rates 
from salmonella-positive samples for the two methods were not 
significantly different. The use of an ISO-GRID sample processor to 
detect biochemically typical colonies rendered further confirmation 
unnecessary in most cases. This provided a time saving of up to two 
days compared with the conventional cultural method. The authors 
stated that the hydrophobic property of the grid lines allowed the 
detection of salmonellae in the presence of a higher level of 
background flora than could be tolerated by conventional plating. The 
possibility, however, of mixed growth in the HGMF grid cells masking 
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the salmonella cells present has been emphasised (Farber et al., 
1985) . 
Truscott & Lammerding (1987) also used a filtration technique to 
shorten the selective enrichment stage to 6 h. They passed 
pre-enrichment broth culture through a pre-filter above a 0.45-pm 
filter which was added to Rappaport-Vassiliadis broth. The technique 
allowed a larger inoculum. to broth ratio than recommended for RV, 
together with the removal of food material. It was postulated that 
the inhibitory activities of RV broth restricted the release and 
multiplication of non-salmonellae from the membrane to a greater 
extent than salmonella cells. 
Enrichment serology 
salmonella detection methods in foods have been developed in which 
the conventional plating stage is omitted. Sperber & Deibel (1969) 
developed a method involving conventional pre-enrichment and 
selective enrichment and elective enrichment in M-broth (Difco). 
After 6-8 h incubation, the culture was examined for the presence of 
salmonella by serological examination with polyvalent flagellar 
antisera. 
several techniques based on enrichment serology have utilised the 
fact that the vast majority of salmonella serotypes are motile to 
enable selective enrichment. Banwart & Kreitzer (1969) used a glass 
apparatus consisting of a central chamber consisting of food 
pre-enrichment broth from which three U-tubes projected. These 
U-tubes contained semi-solid agars comprising differential and/or 
selective agents and were overlaid with Brain Heart Infusion (BHI) 
broth. If the biochemical test was positive and migration had 
occurred the relevant BHI broth culture was tested with polyvalent 
flagellar antisera. 
Holbrook et al. (1989a) also developed a selective motility 
enrichment technique utilising biochemical tests. The commercially 
available Oxoid salmonella Rapid Test (Unipath Ltd, Basingstoke) is 
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inoculated with food pre-enrichment broth and salmonellae migrate 
from an elective broth into tubes containing selective and diagnostic 
media. cultures in the tubes in which the biochemical tests are 
positive are tested by serological agglutination with antibody-coated 
latex. The salmonella Rapid Test was found to be the most effective 
of four rapid methods for the detection of salmonella from 96 food 
samples (Holbrook et al., 1989b). 
several other latex agglutination tests have been developed for the 
detection of Salmonella. Lim & Fok (1987) used latex particles 
sensitised with a Salmonella 0-9 monoclonal antibody to detect group 
D salmonellae in blood culture broths. Metzler & Nachamkin (1988) 
used a commercially available latex agglutination slide test for 
detection of Salmonella in stool enrichment broths but obtained a 
false-negative rate of 14%. A three-colour latex system for three 
different Salmonella serogroup antigens (B, C and D) has been 
developed (Hadfield et al., 1987). The agglutination test has since 
been extended to detect other Salmonella antigens and is commercially 
available (Spectate; Rh6ne-Poulenc Diagnostics Ltd, Glasgow). It was 
evaluated using selective enrichment cultures and presumptive 
colonies on selective agar media from artificially and naturally 
contaminated food samples (Bird et al., 1989). when applied to 
selective enrichment cultures there was a false-positive rate of 2% 
(due to Citrobacter freundii) and a false-negative rate of 0.4%, with 
1.6% of samples unsuitable for testing due to autoagglutination of 
the latex. similar results were obtained from colonies except that 
there were no false-negative results. 
De Smedt et al. (1986) used motility enrichment on modified 
semi-solid Rappaport Vassiliadis (msRV) medium for the detection of 
salmonella from foods within 48 h. After conventional pre-enrichment 
and 8h selective enrichment, drops of culture were placed on the 
surface of an MsRv plate and incubated at 420C for 16 h. A portion of 
the medium was removed from the resulting migration area, the liquid 
allowed to drain into the well, and the culture tested using a slide 
agglutination technique. The MSRV technique was found to be more 
sensitive than standard cultural methods using mixed cultures (De 
Smedt & Bolderdijk, 1987). A semi-solid Rappaport medium was compared 
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with two standard plating media for the recovery of Salmonella from 
naturally contaminated meat products (Perales & Audicana, 1989). 
Although giving the greatest sensitivity and specificity, the 
semi-solid Rappaport medium was used after conventional pre- and 
selective enrichments and therefore gave no time saving. 
The Salmonella 1-2 TestTM (BioControl Systems Inc, USA) is a 
two-chamber plastic vial for the detection of Salmonella based on 
selective and motility enrichment combined with immunoprecipitation. 
Pre-enrichment or direct selective enrichment culture (0.1 ml) is 
added to the inoculation chamber containing tetrathionate-brilliant 
green-serine broth. Salmonellae migrate through the motility chamber 
containing a non-selective semi-solid medium and are immobilised by 
polyvalent anti-Salmonella flagellar antibodies giving a U-shaped 
precipitation band. The 1-2 Test is read after 8 and 24 h incubation. 
D'Aoust & Sewell (1988) compared the Salmonella 1-2 Test with a 
conventional cultural method using 186 foods. They obtained a 
false-negative rate of 53% and 42% for the 1-2 Test after 8 and 24 h 
incubation respectively. They concluded that the low sensitivity was 
due to the presence of large numbers of competitor organisms, and 
recommended a selective enrichment step after pre-enrichment prior to 
inoculation of the 1-2 Test. with the inclusion of selective 
enrichment the 1-2 Test was found to be a reliable method for the 
detection of Salmonella in poultry meat products (Humbert et al., 
1990) and food, feed and environmental samples (Nath et al., 1989). 
Conductance measurements 
As micro-organisms grow they utilise nutrients in the medium, 
generally converting them into smaller, highly charged molecules. 
When the level of micro-organisms reaches 106-107 cells/ml the 
resulting change in the flow of a current between suitable electrodes 
can be detected. Attempts have been made to engineer media by 
incorporating inhibitory substances and elective substrates to enable 
the detection of salmonella using the commercially available 
impedimetric systems: the Bactometer (BioM6rieux UK Ltd, 
Basingstoke), the Malthus (Radiometer, Crawley) and the RABIT (Don 
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Whitley scientific Ltd, shipley). Stannard (1984) demonstrated the 
possibility of detecting salmonellae using a range of media, 
including lysine decarboxylase and dulcitol broths, and the 
incorporation of a salmonella-specific bacteriophage into the 
dulcitol broth, which generally caused a delay in the detection time. 
Easter & Gibson (1985) utilised the ability of salmonellae to reduce 
trimethylamine-N-oxide (TMAO) to highly basic trimethylamine (TMA). 
Using pre-enrichment in buffered peptone water and then monitoring 
the conductance change in a modified selenite/cystine broth 
containing dulcitol and TMAO (SC/T/D) low numbers of salmonellae were 
detected in about 14-30 h. The detection time was reduced by 
incorporating dulcitol and TMAO in the pre-enrichment medium and was 
thought to be due to the induction of the relevant enzymes. only C. 
freundii strains gave a false-positive response. Gibson (1987) 
replaced dulcitol with mannitol (SC/T/M) to eliminate negative 
results produced by some dulcitol-negative Salmonella strains. Ogden 
& Cann (1987) also found that replacement of dulcitol with mannitol 
reduced Salmonella false-negative results. These authors found, 
however, that the Citrobacter spp. and Escherichia coli strains that 
gave false-positive results in the SC/T/D medium also gave 
false-positives with the mannitol modification. They concluded that 
an additional conductance medium monitoring other biochemical 
properties might be required. Deoxyribose has also been used as the 
carbohydrate source in the Easter & Gibson (1985) medium, which 
enabled the detection of more Salmonella strains than dulcitol, and 
reduced the false-positive rate as compared with mannitol (Pettipher 
& Watts, 1989a). 
Arnott et al. (1988) developed a modified lysine decarboxylase (MLD) 
broth and used it in combination with SC/T/D. only Salmonella 
pullorum out of 50 Salmonella cultures was negative with both media. 
Although C. freundii and E. coli were negative in MLD two strains of 
Serratia marcescens, and occasionally Klebsiella pneumoniae gave 
false-positive results with this medium. Pugh et al. (1988) used a 
bacteriophage-based test in combination with MLD and SC/T/D. They 
used Felix-01 and G47 bacteriophages, added to one of duplicate wells 
of a dulcitol-containing medium, with a delay in detection or a delay 
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in the onset of gas production (as seen by a broken curve) and 
reduction of the conductance curve as indicative of a positive 
result. They found that the method was useful as a two-day screen 
giving good agreement with a conventional method for 41 inoculated 
confectionery products. 
Pettipher & Watts (1989b) evaluated a commercially available lysine- 
iron-cystine-neutral red (LICNR, Difco) as a conductance medium for 
Salmonella detection, but found a large number of non-salmonellae 
giving false-positive results. This medium has been modified by the 
addition of inhibitors, which eliminated false-positives except for 
some C. freundii strains (Bullock & Frodsham, 1989). Another lysine 
medium containing sodium biselenite has been developed that, when 
used in conjunction with SC/T/M, overcame this problem of 
false-positives from Citrobacter spp. (Ogden, 1988). A similar medium 
combination also eliminated the occurrence of false-negative results 
from animal feeds due to lysine- or dulcitol-negative Salmonella 
strains (Smith et al., 1989). The lysine medium has been redesigned 
further to improve the conductance changes from Salmonella-positive 
samples (Ogden, 1990; Smith et al., 1990). 
Radiometric methods 
Radiometry is based on the production of 14 C02 from 
14C-labelled 
substrates as a result of bacterial metabolism. A method for 
salmonella detection was developed utilising the specific inhibition 
of fermentation of 14C dulcitol in the presence of polyvalent H 
antisera (Stewart et al., 1980). After selective enrichment, cultures 
were inoculated into duplicate dulcitol media, one containing 
anti-salmonella antiserum. A large reduction in the liberated 
14 C02 
due to the presence of antiserum was indicative of the presence of 
salmonellae within 30 h. Using 58 food samples there was an overall 
agreement of 91% between radiometry and a conventional cultural 
method. There were 5 false-positive results by the radiometric method 
which Stewart et al. (1980) considered might be due to the failure of 
the conventional method because of a large number of lactose- 
fermenting bacteria. 
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Koning et al. (1982) evaluated this method by testing 74 strains of 
Enterobacteriaceae. Ten non-salmonellae gave false-positive results 
while S. enteritidis and all four strains of salmonella arizonae gave 
false-negative results. The authors highlighted the need for 
technical alterations to improve the reliability of the method and 
further evaluation. 
Fluorescent-antibody staining 
The fluorescent antibody (FA) technique was first applied to the 
detection of salmonellae by Thomason et al. (1957) when it was 
demonstrated that the 0, Vi and H antigens of S. typhi could be 
stained with antibodies labelled with fluorescein. The major problems 
of the FA technique, at its early stage of development, were the 
failure of the antibodies to react with some salmonella serotypes and 
antibody cross reactions with other members of the 
Enterobacteriaceae. These problems were reduced by Thomason & wells 
(1971) who purified IgG antibodies from a polyvalent OH reagent. 
The technique was further developed by Fantasia et al. (1975) who 
examined 5,000 samples of foods, feeds and drugs by both the FA 
method and a conventional cultural method. As a result of their 
studies the FA method is now an official AOAC procedure (Anon, 1975). 
After conventional pre-enrichment and selective enrichment the sample 
is further enriched in fresh selective enrichment (selenite-cystine) 
broth for 4h to dilute food material and increase salmonella cell 
numbers. An aliquot of the culture is fixed on a glass slide and the 
reaction between salmonella and fluorescein-conjugated antibodies is 
visualised by fluorescence microscopy (US FDA, 1984). 
Although the FA technique has been used successfully for detecting 
salmonellae in a wide range of foods and animal feeds (Gibbs et al., 
1972; Insalata et al., 1973; Early & Patterson, 1982) it is not 
widely used (Thomason, 1981). This was attributed to the lack of a 
reliable commercial supply of conjugate, a significant number of 
false-positive results, microscopy fatigue and the limitations of 
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sample throughput because of the 4-h incubation step (Thomason, 1981; 
Ibrahim & Fleet, 1985). 
Rodrigues & Kroll (1990) attempted to improve the visualisation of 
fluorescent-stained salmonellae and reduce the false-positive rate of 
the FA technique by employing a micro-colony method. After direct 
selective enrichment, the samples were diluted and filtered through 
0.4-Mm polycarbonate membranes. The membranes were transferred to 
0 the surface of XLD and BGA plates and incubated at 37 c for 3h prior 
to staining. The technique was found to be more reliable than using 
fluorescent antibody and single cells. The technique was used to 
detect salmonellae in 101 raw meat samples with 6 false-positives and 
1 false-negative result. 
Enzyme immunoassays 
Swaminathan & Ayres (1980) developed a method similar to the FA 
technique except that an enzyme labelled, rather than a fluorescent 
labelled, antibody was used which meant that a specialised microscope 
was not required. Selective enrichment culture was subcultured into H 
broth (DifCo) for 6h and a loopful was transferred to a well of a 
multiwell Teflon-coated slide. After drying and fixing the 
antibody-enzyme conjugate (IgG fraction of salmonella flagellar 
polyvalent antisera coupled to horseradish peroxidase) was added, 
followed by incubation and washing steps and the addition of 
substrate. Slides containing cells with brown cell walls with or 
without brown flagella, when viewed under the light microscope, were 
considered salmonella-positive. The enzyme immunoassay (EIA) gave a 
good correlation with a conventional cultural method and a comparable 
sensitivity to the FA technique for the detection of salmonella in 
meat and poultry products. 
An EIA for S. typhimurium was developed by Krysinski & Heimsch (1977) 
which involved the concentration of cells on a cellulose-acetate 
membrane filter which had been overlaid with a multiwell template. 
After cell fixation, the membrane was immersed in rabbit anti-S. 
typhimurium flagellar antibody followed by goat anti-rabbit antibody 
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peroxidase conjugate. After exposure to a peroxidase substrate a 
brown or blue colouration was seen. The method had a sensitivity of 
104_105 S. typhimurium cells/ml. when a Salmonella polyvalent 
flagellar antiserum (Difco) was used to broaden the specificity of 
the EIA false-positive results occurred. 
An attempt to improve the assay was made by Minnich et al. (1982) in 
which microtitre plates or microcuvettes were used. The flagellar 
antibodies were purified to reduce the problem of cross reactions 
between non-salmonellae and the antibodies against somatic antigens. 
This was achieved by removing Igm which is the primary immunoglobulin 
class elicited by somatic antigens (EMswiler-Rose et al., 1984). 
Minnich et al. (1982) used a goat anti-rabbit-alkaline phosphatase 
conjugate instead of peroxidase after finding non-specificity due to 
the expression of intracellular peroxidases or catalases in a variety 
of food-borne bacteria. They found that cell fixation from food 
sample broths was inconsistent and therefore they removed unbound 
antibodies by centrifugation washes. The EIA had a sensitivity of 
: 5105 salmonellae/ml and was applied following pre-enrichment and a 
4-6 h post enrichment in M-broth (Difco). 
Aleixo et al. (1984) improved the EIA of Minnich et al. (1982) to 
enable detection of salmonella in foods and feeds within 27 h. The 
disadvantage of the centrifugation step was avoided by binding 
salmonellae to the wells of microtitre plates using passive 
adsorption. when the EIA was used after pre-enrichment followed by a 
6h post enrichment in M-broth, or directly after pre-enrichment, 
false-negative results were obtained. These were removed by employing 
a moderately selective post-enrichment broth. some samples, however, 
yielded high background values indicating the possible interference 
from food proteins. 
Smith & Jones (1983) developed two EIAs using an igA mouse myeloma 
protein MOPC 467, which reacts with a wide variety of salmonella 
serotypes. The antibody reacts with structural peptides of flagellin 
which are highly conserved among salmonellae (Smith et al., 1979). 
one assay was a competitive enzyme-linked immunosorbent assay (ELISA) 
in which viable salmonellae competed with polymerised flagellin or 
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whole cells fixed to polyvinyl microtitre plates for binding to MOPC 
467-alkaline phosphatase. The other assay was a membrane filter ELISA 
in which salmonellae were detected on a hydrophilic membrane using 
MOPC 467-alkaline phosphatase. The authors proposed the use of 
polystyrene balls coated with polymerised flagellin as an alternative 
to the membrane because they could be removed and washed, thus 
eliminating the effect of endogenous alkaline phosphatase which was a 
problem with the membrane system using foods such as milk. 
The MOPC 467 monoclonal antibody was employed in an EIA in which 
Salmonella antigens were directly coupled to a microtitre plate 
(Robison et al., 1983). The authors initially bound whole cells but 
found this to be unsatisfactory, possibly due to improper coating 
conditions (Mattingly & Gehle, 1984). The use of heated flagella 
extracts was more successful and the resulting assay had a 
sensitivity of 106 salmonellae/ml. Results indicated that the EIA 
could be used on M-broth subcultures taken from pre-enrichment 
broths, therefore providing a 36-h result. only 94 of the 100 
Salmonella strains tested were detected using the MOPC 467 antibody. 
This EIA was improved by binding the MOPC 467 to a polycarbonate- 
coated iron bead and using an antigen capture technique which reduced 
the interference from competing organisms. They also incorporated an 
absolute absorbance reading for the ELISA to differentiate between 
positive and negative results. A commercial ELISA employing the MOPC 
467 bound to polycarbonate-coated iron beads was produced 
(Bio-EnzabeadTM screen Kit, Organon Teknika, Cambridge). The ELISA 
was used for the detection of salmonella in naturally contaminated 
meat and poultry products (Emswiler-Rose et al., 1984). when the 
ELISA was applied after direct selective enrichment in tetrathionate 
broth followed by a 6-h subculture in M-broth there was 100% 
agreement with a conventional cultural method. 
Because MOPC 467 did not detect all Salmonella serotypes an IgG2b 
hybridoma antibody (6H4), recognising a non-flagellar antigen on 
Salmonella, was raised and when used together with MOPC 467 in an 
ELISA all the serotypes tested were detected (Mattingly, 1984). This 
commercially available second generation ELISA was used to detect 
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Salmonella in minced meat but gave some false-negative results even 
when high numbers of salmonellae were present in the assay culture 
(Beckers et al., 1986). The authors considered that the type of 
Enterobacteriaceae competition might be responsible for the 
false-negative results, which were no greater in number than those 
from the conventional cultural method. 
A collaborative study to validate the second generation ELISA found 
no significant difference with a conventional cultural method 
(Flowers, et al., 1986). In a separate study Eckner et al. (1987) 
obtained an ELISA false-positive rate of 3.7%. It was, however, 
considered probable that these false-positive results were a failure 
to confirm the presence of salmonella by plating only from the 
M-broth cultures (Flowers et al., 1987a). Flowers et al. (1987a) 
found that plating from the M-broth and both selective enrichment 
cultures was necessary to confirm all ELISA-positive results. The 
ELISA procedure for low-moisture foods was modified by shortening the 
selective enrichment period (6-8 h) and lengthening the M-broth 
enrichment (14-18 h). It was found, for low-moisture foods, that 
during the first 6-8 h incubation in selective enrichment broths 
there was little growth of salmonella but a reduction in the level of 
competitors (Flowers et al., 1988). In high-moisture, highly 
contaminated foods, 6-8 h selective enrichment was not sufficient to 
produce this favourable enrichment and led to overgrowth by the 
competitors after subculture into M-broth. 
several ELISAs have been employed in which the capture antibody has 
been bound to the wells of a microtitre plate. Harford (1987) used a 
commercially available ELISA that employs a polyclonal antibody 
(BacTrace CSA-1) that recognises numerous common structural antigens 
widely shared by salmonellae. The assay methodology required the 
measurement of differences in ELISA absorbance readings between 
samples taken before and after incubation. Harford (1987) used the 
ELISA on pre-enrichment broth cultures but found a false-negative 
rate of 8%. when the ELISA was employed on selective enrichment broth 
cultures after a standard pre-enrichment, 100% agreement with a 
conventional cultural method was obtained using artificially 
contaminated foods (Blackburn & stannard, 1989). Blackburn & Stannard 
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(1989) also found 100% agreement between the TecraTM Visual 
salmonella ELISA (BioEnterprises Pty Ltd, Australia) and the 
conventional cultural method. Lambiri et al. (1990) compared this 
ELISA with a conventional cultural method for the detection of 
salmonella in 41 naturally contaminated food samples. using RV 
enrichment prior to the ELISA gave a 95% agreement between methods, 
with no ELISA false-negatives and 5% ELISA false-positives. Selenite 
broth enrichment led to false-negative results. The Q-TROLTM 
salmonella Test (Dynatech Laboratories Ltd, Billingshurst), employing 
a fluorescent enzyme product, was compared with a conventional 
cultural method for the detection of salmonellae in over 1700 food 
samples (Flowers et al., 1989). There was found to be no significant 
difference between the two methods. 
Blais & Yamazaki (1989) used the CSA-1 antibody bound to polyester 
cloth. They found that heating S. typhimurium in EDTA dissociated its 
antigens into non-sedimentable forms and enabled a marked increase in 
the rate of immunoreaction and assay sensitivity. These antigens were 
concentrated on the antibody-coated cloth at the bottom of a column, 
and detected by adding CSA-l antibody conjugated to horseradish 
peroxidase. They detected 10 salmonellae/g of chicken after 16 h 
pre-enrichment or direct selective enrichment, although they 
emphasised the possible problem of antibody cross-reactions with high 
numbers of other Enterobacteriaceae. 
Ibrahim et al. (1985c), by using titanous hydroxide as the solid 
phase for an EIA, also employed a concentration step. After a 10-min 
incubation for cell immobilisation on titanous hydroxide salmonella 
cells were detected by reacting with antisera raised against 
flagellin from 10 serotypes and then with anti-rabbit IgG conjugated 
to alkaline phosphatase. unbound reagents were removed by 
centrifugation of the titanous hydroxide. The assay was 4-10 times 
more sensitive than using microtitre plates, and with mixed cultures 
this was improved to 100-160 times. When applied after pre-enrichment 
followed by an 8h selective enrichment the ELISA gave comparable 
results to a conventional cultural method. 
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Attempts have been made to improve the sensitivity offered by 
colorimetriC ELISAs for salmonella detection. These have included the 
use of fluorogenic enzyme substrates. Anderson & Hartman (1985) used 
a capture antibody (SEA) ELISA with P-D-galactosidase as the enzyme 
and 4-methyl umbelliferyl galactoside as the substrate. A similar 
approach was taken by Aleixo & Swaminathan (1988) using the MOPC 467 
antibody. This resulted in an increased sensitivity with a detection 
limit as low as 104 salmonellae/ml for some serotypes. 
Prusak-Sochaczewski & Luong (1989a) studied several factors affecting 
the sensitivity of an ELISA for salmonella. These included the type 
of protein used for microtitre plate post-coating, the method of 
antibody labelling, and accelerators for antigen-antibody and 
enzyme-substrate reactions. By using casein to block non-specific 
binding, horseradish peroxidase as the enzyme label and 
a-phenylenediamine as the substrate they obtained an optimum 
sensitivity of 5x 104-105 cells/ml. Prusak-Sochaczewski & Luong 
(1989b) also used the avidin-biotin interaction in two further assays 
with antibody-coated microtitre plates. After incubation the bound 
antigen was allowed to react with biotinylated antibody. In one assay 
the antigen was detected using horseradish peroxidase (HRP)-labelled 
biotin and in the other, avidin was used as a link for biotinylated 
HRP. Samples containing as few as 103 and 104 salmonellae/ml could be 
detected by both methods. 
Bacteriophage 
Hirsh & Martin (1983) devised a method using salmonella-specific 
bacteriophage (Felix-01) and high-performance liquid chromatography 
(HPLC). Although Felix-Ol adsorbed and lysed >98% of salmonella 
serotypes some did not support bacteriophage replication which was 
necessary for detection by HPLC. They therefore modified the 
technique by using a bacteriophage of a high multiplicity of 
infection and therefore bacteriophage replication was not necessary 
(Hirsh & Martin, 1984). They developed the method for raw milk using 
a large-pore charge-modified filter to concentrate cells that were 
then eluted into enrichment broth. After 16 h incubation, 
centrifugation and resuspension, the cells were inoculated onto a 
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nutrient agar plate to which FeliX-01 had been added. The presence of 
lacunae after 6h was indicative of a positive result. The occurrence 
of false-negative results, however, detracted from this method. 
Another method, which was intended to be commercially available in 
1988, used Salmonella-specific bacteriophage labelled with HRP (Anon, 
1988). After incubation the salmonellae with bound bacteriophage were 
trapped on a filter and substrate added. visible colouration of the 
filter was indicative of a positive result. 
Genetically-modified bacteriophage 
Ulitzur & Kuhn (1987) described a novel concept for the enumeration 
and identification of micro-organisms that involved the introduction 
of luciferase (lux) genes into the genome of a bacteriophage. 
Infection of host bacteria by the phage led to the expression of host 
phage genes and within 30-50 min the additional lux genes resulting 
in bioluminescent bacteria. It has been considered possible to 
harness the biological specification of bacteriophages to confer a 
bioluminescent phenotype on a defined set of bacteria, such as 
salmonella, growing in a complex mixture of organisms (Stewart, 
1990). Because of the sensitivity of detection (102 bacteria/ml) and 
the host/bacteriophage specificity, Stewart (1990) considered that 
the salmonella enrichment time could be short with no requirement for 
selective growth. 
some bacteria, including Pseudomonas spp., possess proteins which act 
as *nuclei,, for the formation of ice crystals and thereby bring about 
the freezing of supercooled water. These organisms possessing 
ice-nucleation proteins are far more efficient than silver iodide at 
water droplet formation and it has been postulated that in the 
history of the Earth they were largely responsible for rain making 
and the resulting colonisation of land (Lovelock, 1989). The gene 
responsible for an ice nucleating protein has been incorporated into 
a bacteriophage specific for salmonella such that, when infected, the 
bacterium produces the protein and ice crystals are formed in 
supercooled water. A Bacterial Ice Nucleation Diagnostic (BIND) test 
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has been developed for the detection of Salmonella in food samples 
within 2-6 h (worthy, 1990). The bacteriophage reagent is added to a 
food sample while a duplicate food sample with no added bacteriophage 
serves as a control. After incubation at 37*C, to enable the infected 
salmonellae to form ice templates, the samples are chilled to about 
-5*C. Salmonella-positive samples freeze while uncontaminated samples 
remain in a supercooled liquid state. The freezing is readily 
observed by the incorporation of a fluorescent dye and the control 
samples help to prevent false-positive results. 
Gene Probes 
The advantage of DNA probes compared with immunoassays is that DNA is 
always present in cells and is not subject to the vagaries of 
environmental influences that affect the expression of genes (Fitts, 
1985) . 
using probes consisting of radiolabelled DNA fragments of S. 
typhimurium, a DNA-DNA hybridisation (DNAH) method was developed for 
the detection of salmonellae in foods (Fitts et al., 1983). The 
method required pre-enrichment but not selective enrichment, with 108 
salmonellae/ml easily detected. The authors reported favourable 
results from a preliminary evaluation of the method with foods 
heavily spiked with four salmonella serotypes. They commented that 
further evaluation of the method was required. 
A commercial prototype of the DNAH assay developed previously (Fitts 
et al., 1983; Fitts, 1985) was tested and found to be as productive 
as a conventional cultural method after pre-enrichment/selective 
enrichment but not when used directly after pre-enrichment (Flowers, 
1985). An improved assay was tested by Flowers et al. (1987b). All 
food samples underwent pre-enrichment, selective enrichment and post 
enrichment in GN broth before the DNAH assay was applied. Processed 
foods underwent a6h selective enrichment and a 12-16 h post 
enrichment while raw flesh foods underwent a 16-18 h selective 
enrichment and 6h post enrichment. using 1609 samples of 23 food 
-28- 
types the DNAH assay was as productive as a conventional cultural 
method and significantly better for certain foods. 
A commercially available version of this DNAH assay (Gene-Trak 
systems, USA) has been extensively tested. EMSWiler-Rose et al. 
(1987) found no false-negative results but a 3.7% false-positive rate 
when used to detect salmonella in ground beef. The time required for 
analysis using the DNAH assay (44-48 h) was reduced to 30 h by 
modifying the cultural procedure (Deibel et al., 1987). They used a 
7-h pre-enrichment in a minimal glucose-salts medium followed by two 
successive transfers to an M-broth-novobiocin enrichment medium for 
incubations of 13 and 16 h. This method required manipulations 
spanning 10 h on the second day of analysis of food samples. using 
138 food samples the DNAH gave 42 positive results compared with 31 
from the conventional cultural method. only 32 of the DNAH 
assay-positive results could be confirmed, indicating either the 
inadequacies of conventional methodology or the occurrence of a high 
level of DNAH assay false-positive results. 
Izat et al. (1989) applied the DNAH assay after different cultural 
enrichment protocols for the detection of salmonella in chicken 
carcasses and poultry processing water. The best results were 
obtained after a 24-h direct selective enrichment/24-h post 
enrichment in GN broth. The use of the more conventional 24-h 
pre-enrichment/24-h selective enrichment/6-h post enrichment gave a 
high rate of DNAH assay false-negative results. It was concluded that 
this could have been due to the inhibition of the growth of 
salmonellae by competitors because of the long periods of non- 
selective enrichment. 
Despite the inherent advantages of the 
32P radiolabel in terms of 
sensitivity and freedom from interferences, the assay has not been 
popular amongst food microbiologists and therefore a non-isotopic 
dipstick-based assay has been developed (Parsons, 1988). Two probes, 
complementary to the target cell rRNA, are used: one labelled with 
fluorescein to enable detection and the other with a long sequence of 
deoxyadenylic acid. A plastic dipstick coated with polymers of 
deoxythymidinylic acid is used to capture the entire complex, 
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allowing unbound material to be removed by washing. The presence of 
the complex on the dipstick is detected by the addition of 
anti-fluorescein antibody labelled with horseradish peroxidase. 
The colorimetric DNA hybridisation method (Gene-Trak Systems, USA) 
has been compared with a conventional cultural procedure for the 
detection of salmonella in 81 food samples (Mozola et al., 1991). The 
enrichment procedure used with the hybridisation assay was, 24 h 
pre-enrichment, 18 h selective enrichment and 6h post-enrichment in 
GN broth. Each method gave 56 positive samples, although there were 
discrepancies in the number of positives obtained by the two methods 
within individual sample categories. Increasing the sensitivity of 
the assay chemistry and the use of more effective enrichment 
protocols may provide a reduction in the analysis time (Mozola et 
al., 1991). 
2.4 SEPARATION OF MICRO-ORGANISMS FROM BIOMATERIALS 
There are numerous problems associated with the microbial analysis of 
foods. The fact that micro-organisms comprise only a small percentage 
of the total biomass of food has limited the use of rapid enumeration 
methods such as bioluminescence and the direct epifluorescent filter 
technique (Patel & Gibbs, 1989). The presence of food has hindered 
attempts to concentrate micro-organisms to improve the sensitivity of 
these techniques. The requirement to detect very low numbers of 
pathogens, like salmonella, in foods has limited the application of 
rapid detection methods until after considerable periods of cultural 
enrichment, which are necessary to amplify the cell concentration. 
The natural microbial flora of the food can then inhibit the growth 
of the target organism thus necessitating further selective 
enrichment. There has, therefore, been much research effort focused 
on the development of microbial separation and concentration 
techniques. 
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Filtration 
It has been known for many years that micro-organisms can be 
separated and concentrated by passage of the suspending liquid medium 
through a suitable porosity filter, and there are now a wide range of 
commercially available membranes (Defrise & Gekas, 1988). This basic 
technique has been improved for concentrating and harvesting 
bacterial cultures (Tanny et al., 1980). A tangential flow filtration 
unit was used which allowed flow through the membane while the 
washing action kept most of the filtered material in suspension as 
opposed to on the membrane surface which would quickly block it. 
Easily filterable materials are more readily analysed using 
filtration as a concentration step. Filtration methods have been 
developed in conjunction with an ATP assay for the separation, 
concentration and enumeration of bacteria from water (Jeffers et al., 
1977). The particulate nature of most foods, however, causes filters 
to block quickly. Kostenbader & Cliver (1973) developed filtration 
methods for the isolation of enteroviruses from a wide variety of 
foods but used a pre-treatment to remove food material prior to 
filtration. Farber & Sharpe (1984), however, found that bacterial 
recovery by membrane filters was improved in the presence of food 
debris. This was considered to be due to the insulation from 
desiccation, inhibitors and rapid changes in the concentration of 
salts and selective agents used with further culturing. To enable 
direct microscopic enumeration of micro-organisms on a membrane 
filter Peterkin & Sharpe (1980) used a protease and Tween 80 
treatment to render dairy products easily filterable. 
The direct epifluorescent filter technique (DEFT) uses membrane 
filtration to separate and concentrate bacteria from pre-treated 
(trypsin and Triton X-100) milk prior to enumeration by 
epifluorescent microscopy (Pettipher, 1986). The technique has been 
applied to other foods although a pre-filtration of the suspension 
through nylon filters (mesh size 5 ym) was necessary to remove food 
debris (Pettipher, 1986). 
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Block and Rolland (1979) developed a method to separate and 
concentrate Salmonella from water. It involved adsorption at pH 3.5 
on a 8-pm porosity micro-fibre glass filter tube. At pH 3.5 (below 
the isoelectric point of Salmonella) the superficial bacterial charge 
becomes positive while the micro-fibre glass filter develops a 
negative charge so permitting Salmonella adsorption. Cell separation 
was also due to physical retention in the micro-fibre glass 
labyrinth. Using an elution buffer at pH 9.5 a Salmonella recovery of 
42-93% was obtained. The method was used for the simultaneous 
separation and concentration of Salmonella and enterovirus from river 
samples (Rolland & Block, 1980). 
Electropositive filters have been used to exploit the fact that in 
most fluids micro-organisms and other organic and inorganic matter 
exhibit a net negative charge (Hou et al, 1980). The authors removed 
micro-organisms and other negatively-charged particles from water 
over a wide range of pH values and ionic conditions. By destroying 
the positive charge on the filters they showed that electrokinetic 
mechanisms were the dominant factor in retaining particles less than 
0.1 ym in diameter. About 90% of particles larger than 1.0 ym, 
however, were still removed which suggested that physical entrapment 
was the dominant mechanism for their retention. Gerba & Hou (1985) 
used positively-charged filters to remove E. coli and endotoxin from 
water and sugar and salt solutions. 
Centrifugation 
Centrifugation has been used for many years as a means of separating 
and concentrating micro-organisms from liquids. Jeffers et al. (1977) 
used centrifugation to enable the bioluminescent measurement of 
bacteria in water. 
Density gradient centrifugation has, as the name suggests, the 
advantage of enabling separation based on the density of the 
particulate matter. using density gradient centrifugation in Percoll, 
non-filamentous micro-organisms have been separated from soil 
suspensions (Martin, 1981) and bacteroids from the nodules of soybean 
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plants (Reibach et al., 1981). Heyman et al. (1986) used a sucrose 
density gradient centrifugation followed by passage through glass 
bead columns to separate cryptosporidium oocysts from faecal samples. 
The potential for the differential separation of bacteria was shown 
by Patrick & Reid (1983) who separated capsulated from non-capsulated 
strains of Bacteroides fragilis. 
Aqueous Two-Phase Systems 
When solutions of polyethylene glycol and dextran are mixed above 
certain concentrations they form two immiscible aqueous phases (a 
polyethylene glycol-rich top phase and dextran-rich bottom phase) and 
this can be used to partition cells, apparently dependent on surface 
charge or hydrophobic properties (Fisher, 1981). The technique has 
been used to separate micro-organisms from aqueous suspensions of 
organic dust to allow analysis using epifluorescence microscopy 
(Str6m et al., 1987). It was found that the phase affinity of the 
micro-organisms depended on the pH of the suspending medium. 
Aqueous two-phase systems have been applied to the differential 
separation of microbial populations. Str6m et al. (1987) obtained a 
partial separation of fungal spores from bacteria and yeasts. 
Bacteria have been separated on the basis of differences in their 
cell surface properties resulting from susceptibility or resistance 
to antibiotics (Fisher, 1981). Walter (1977) separated subpopulations 
of E. coli on the basis of erythromycin susceptibility or resistance. 
E. coli mutants that differed by a single amino acid in the S12 
ribosomal protein could be separated from the parent strain. 
S. typhimurium cells were partitioned depending on their differing 
susceptibility to phagocytosis (Stendahl et al., 1973). smooth (S) 
bacteria tended to escape phagocytosis and showed affinity for the 
aqueous interface and the polyethylene glycol-rich top phase. Rough 
(R) mutants which had incomplete lipopolysaccharide that lacked 
S-specific side chains were more susceptible to phagocytosis and were 
mainly found in the dextran-rich bottom phase. The adsorption of IgG 
antibodies to S. typhimurium S bacteria caused physicochemical 
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changes of the cell surface which rendered them more susceptible to 
phagocytosis and decreased their affinity for the top phase (Stendahl 
et al., 1974). 
complete mixing of the two phases is easily achieved due to the very 
low surface tension between the phases but this makes for a slow 
gravity separation. Wikstrbm et al. (1987) used dextran-ferrofluid or 
iron oxide particles which, in the presence of a magnetic field, 
induced a faster phase separation by up to seventy times. 
Ion Exchange Chromatography 
Ion exchange resins may be regarded as insoluble polymeric 
electrolytes of high molecular weight composed of an elastic-three- 
dimensional-hydrocarbon network to which a large number of ionisable 
groups are bound (Rotman, 1960). column chromatography with cellulose 
ion exchangers has been used to purify mammalian viruses and 
rickettsiae (Hoyer et al., 1958). They found that the chromatographic 
behaviour of the organisms depended more upon their surface chemistry 
than their size. Puck & Sagik (1953) used ion exchange chromatography 
to study the mechanism of bacteriophage attachment to it's host. They 
found that E. coli bound to anionic exchangers but not to cationic 
ones. Bacteriophages T1 and T2 behaved similarly but would bind to 
cationic exchangers in the presence of salt. This supported the 
hypothesis that the role of cations in affecting the attachment of 
viruses to their hosts (which was not seen in distilled water) was to 
neutralise the repulsive electrostatic potential due to the excess of 
negative charges on the surfaces of both bodies. Daniels & Kempe 
(1966) separated bacteria from dilute aqueous suspension by 
adsorption to anion or cation exchange resins depending on whether 
the pH of the suspension was above or below the isoelectric points of 
the cells. cell desorption was achieved by causing a charge reversal 
by altering the pH and/or the addition of salt. 
Daniels & Kempe (1967) were able to resolve binary mixtures of 
bacteria using ion exchange resins by selective adsorption or 
non-selective adsorption and selective desorption. using a batch 
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system they resolved most of the mixtures into separate fractions 
containing at least 90% of the pure component species. Hall et al. 
(1976) used a sodium chloride gradient elution from a DEAE-cellulose 
column. The recovery of cells was improved and increased from 40% to 
84% by the inclusion of 0.05% V/V Tween 80 to prevent cell 
aggregation. using a cation exchange resin Patel (1984) was able to 
resolve, to a greater or lesser extent, binary mixtures from both 
pure cultures and artificially inoculated food suspensions. He 
concluded, however, that the cell interaction with the resins mainly 
involved forces such as hydrophobic interactions rather than the 
opposing charges of both bodies. 
Ion exchangers have been used to separate the total microbial flora 
from foods. Kostenbader & Cliver (1981) compared polyelectrolytes for 
their ability to flocculate food solids to render the suspension 
filterable for the recovery of food-borne viruses. 
Hydrophobic-hydrophilic gels 
Hydrophobic interaction chromatography has been used to study the 
surface hydrophobicity of micro-organisms (Wadstr6m et al. 1981). 
Patel (1984) showed that differences in the affinity of 
micro-organisms for phenyl-sepharose gel could be exploited in order 
to resolve binary mixtures from both pure cultures and inoculated 
f oods. 
Electrophoretic methods 
Electrophoresis, which is based on the migration of material 
possessing free charge, has been used extensively to investigate the 
nature of microbial cell surfaces (James & List, 1966; Richmond & 
Fisher, 1973). The differences in electrophoretic mobilities of 
micro-organisms have been exploited to resolve binary mixtures into 
their individual components e. g. E. coli from a binary mixture with 
Staphylococcus aureus (Ramsey et al., 1980). 
-35- 
Dielectrophoresis is motion due to the force of a non-uniform 
electric field upon a neutral body which has undergone polarisation 
of charges. The technique has been used to separate living and dead 
yeast cells, and for characterising various physiological states of 
numerous cell types (Pohl, 1978). Price et al. (1988) showed that the 
dielectrophoretic behaviour of micro-organisms could be measured by 
monitoring the decrease in optical absorbance of a cell suspension as 
the cells collected at a micro-electrode array. They demonstrated 
that different bacterial species exhibited different characteristic 
frequency responses and therefore the potential for differential 
separation. 
ultrasonic standing wave fields 
Particles suspended in standing wave fields experience forces which 
can result in migration of the particles to preferred positions 
separated by distances of half an acoustic wavelength (Coakley et 
al., 1989). An appropriate choice of sound pressure amplitude led to 
the separation of particles of different densities and 
compressibilities in the sound field. The authors presented examples 
of cell concentration using this technique including the banding of 
Micrococcus luteus. 
Affinity chromatography 
The use of immunosorbent columns has enabled the separation of 
specific target organisms. Ghetie et al. (1978) used an IgG-sepharose 
6MB column to separate protein A-bearing Staph. aureus. Patel (1984) 
used anti-salmonella antiserum coupled to protein A-sepharose and 
Staph. aureus-Bio-Rex 70 columns to separate S. typhimurium from E. 
coli. Results, however, indicated that non-specific binding (e. g. 
hydrophobic interactions) was responsible for much of the bacterial 
retention. The non-specific retention of antigens by immunosorbent 
columns by ionic and hydrophobic interactions and physical entrapment 
is a common problem, but can be overcome by addition of salt and/or 
non-ionic detergent to the washing buffer (Russell, 1981). 
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2.5 IMMUNOMAGNETIC PARTICLES FOR THE SEPARATION AND DETECTION OF 
CELLS AND MOLECULES 
The use of magnetic particles (or, more accurately, magnetisable 
particles since they respond to an applied magnetic field but are not 
intrinsically magnetic) coated with specific antibodies has many 
advantages over other separation techniques. It is rapid, inherently 
specific, requires simple and relatively inexpensive equipment and 
lends itself to automation. The magnetic particles must be able to 
adsorb proteins or possess reactive groups for covalent coupling, 
must not bind non-specifically to cells, and should be small enough 
to prevent clumping but large enough to be strongly magnetically 
attractable (Sharpe, 1988). These latter two "ideal,, features of 
magnetic particles are essentially incompatible (Forrest & Rattle, 
1983). To ensure a stable suspension the attraction energy of the 
magnetic particles must be lower than the thermal energy that drives 
dissociation (Sharpe, 1988). Attraction energy is lower with thicker 
polymer coatings around the particles and hence the particle size 
must increase rapidly with the diameter of the magnetic core. 
Most magnetic particles are prepared by the co-polymerisation of a 
polymer with an iron-based core, usually magnetite (Sharpe, 1988). 
Pure magnetite particles have been isolated from magnetotactic 
bacteria (Matsunaga & Kamiya, 1987). Unlike artificial magnetite and 
zinc ferrite they were almost uniform cubes and did not form 
aggregates. specifically-labelled ferritin has been used as a 
magnetic label for cell separation (Owen & Lindsey, 1983). The 
principal drawback was that very little iron was bound to the target 
cells so that a strong magnetic field and slow flow rate were 
required. This increased the amount of non-magnetic cell retention 
and therefore reduced the enrichment. 
Immunomagnetic particles have been used as the solid phase in EIAs as 
they provide a large surface area for antigen binding and enable fast 
and efficient separation of unbound reagents (Forrest & Rattle, 
1983). Magnetic EIAs have been developed for human IgE (Guesden et 
al., 1978b), steroids (Read et al., 1983), hepatitis B (wang et al., 
1988), staphylococcal enterotoxin B (Patel & Gibbs, 1984) and 
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anti-staphylococcal enterotoxin IgG-type antibodies (Patel et al., 
1984) . 
Immunomagnetic particles have been used for the isolation of 
antibodies (Guesdon et al., 1978a), sorting of chromosomes (Dudin et 
al., 1988), purification of thyroid-stimulating hormone (Tokuda 
et al., 1988) and for the separation of neuroblastoma cells (Rembaum. 
et al., 1984, megakaryocytes (Tanuka et al., 1989), T lymphocytes 
(Vartdal et al., 1987) and myeloma cells (Shimazaki et al., 1988) 
from bone marrow. 
separation techniques have been developed in which cells pre-treated 
with a primary antibody have been removed using secondary 
antibody-coated particles (Lea et al., 1985). The coupling of the 
primary antibody to the magnetic particle via the secondary antibody 
has resulted in a more rapid and simplified technique (Leivestad et 
al., 1986). most immunomagnetic separations have been performed in 
batch but Treleaven et al. (1984) used a flow system that enabled 
neuroblastoma. cell separation from larger volumes of bone marrow 
preparations. The presence of immunomagnetic particles on the surface 
of separated mononuclear cells did not interfere with the 
immunological functions of the cells (Gaudernack et al., 1986). The 
immunomagnetic particles were so well attached to the positively- 
selected mononuclear cells that they were impossible to separate by 
physical means alone (Lea et al., 1986). 
Immunomagnetic separations have been developed for micro-organisms. 
Staph. aureus was separated from mastitic milk samples using magnetic 
particles coated with polyclonal antiserum, against an encapsulated 
Staph. aureus strain (Johne et al., 1989). Electron microscopy 
indicated that extracellular polysaccharide material was the binding 
factor but the authors were unsure as to whether immunological 
binding or non-specific adherence was dominant in the interaction. 
Lund et al. (1988) used immunomagnetic particles for the separation 
of K88+ E. coli from mixed cultures of five different 0 serotypes of 
E. coli. using fluorescence microscopy to detect bound cells the 
immunomagnetic separation technique had a limit of sensitivity of 
3.6 loglo K88+ E. coli/ml with no observable non-specific binding of 
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K88- E. coli. When bound K88+ E. coli cells were detected by 
culturing on agar about 20% of the initial number of cells were 
recovered. 
Patel (1984) used salmonella-specific antibodies coupled to a 
magnetic gel to separate salmonellae from mixed broth cultures and 
from food pre-enrichment broths. S. typhimurium was enriched up to 
thirteen-fold from a mixture containing E. coli and up to five-fold 
from a mixture containing C. freundii. However, S. typhimurium was 
not enriched from a 24-h, artificially contaminated, cocoa powder 
pre-enrichment broth culture. 
A salmonella separation technique employing the salmonella 
antibody-bound iron beads of the Bio-EnzabeadTM screen Kit has been 
developed (Bird et al., 1989). Pre-enrichment broth culture (10 ml) 
was incubated with a bead for twenty minutes, washed, and bound 
salmonellae detected by electrical measurements (Bactometer or 
Malthus). use of this immunomodified electrical technique (IMET) 
lengthened salmonella detection times from mixed cultures by up to 
eleven hours due to inefficient immobilisation and the possible toxic 
effect of cadmium contained in the beads. when applied to 
artificially and naturally contaminated foods the IMET gave 86% 
agreement with standard inoculation of the conductance medium but 
only 68% agreement with a conventional cultural method. To improve 
the surface area to volume ratio Bird et al. (1989) used 450 pm 
diameter beads (Dynabeads) coated with salmonella polyvalent 0 
antiserum. (Difco). This enabled the pre-enrichment incubation to be 
reduced from 5-7 h (as used with the Bio-Enzabeads) to 2 h. uncoated 
Dynabeads, however, also produced conductance curves indicating the 
occurrence of non-specific binding. 
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CHAPTER 3 GENERAL MATERIALS AND METHODS 
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GENERAL MATERIALS AND METHODS 
Bacterial cultures 
The following bacteria were used in this study: 
Citrobacter freundii (NCTC 6272) 
Citrobacter freundii (Leatherhead Food RA [LFRA] isolate Ex MMS) 
Enterobacter cloacae (NCTC 9394) 
Escherichia coli (NCTC 9001) 
Hafnia alvei (NCTC 6578) 
Klebsiella pneumoniae (LFRA isolate AG 308) 
Proteus mirabilis (ATCC 14153) 
Proteus mirabilis (LFRA isolate 1103/11/1) 
Proteus vulgaris (NCTC 4175) 
salmonella enteritidis (NCTC 5188) 
salmonella enteritidis phage type 4 (P125678) 
salmonella enteritidis phage type 4 (P167807) 
salmonella 
salmonella 
salmonella 
salmonella 
salmonella 
salmonella 
Salmonella 
salmonella 
heidelberg (NCTC 5717) 
infantis (LFRA isolate) 
newport (NCTC 129) 
pUllo. rUm (NCTC 5776) 
schwarzengrund (NCTC 6756) 
senftenberg (NCTC 9959) 
solt (NCTc 6757) 
typhimurium (NCTC 74) 
kindly supplied by Dr 
Bernard Rowe, CPHL, 
colindale 
Salmonella typhimurium (11 505) Beckers et al. (1985) 
Salmonella virchow (NCTC 92) 
Serratia liquefaciens (LFRA isolate AG18) 
Staphylococcus aureus (ATCC 13565) 
Yersinia enterocolitica (NCTC 10460) 
organisms were maintained on TSA slopes at Vc. 
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Bacteriological media 
The following media were used in this study: 
Bismuth sulphite agar (BSA, Difco) 
Buffered peptone water (BPW, Oxoid) 
Buffered peptone water (Oxoid) + 2% glucose (BPW+glucose) 
Gram-negative broth (GN broth, DifCo) 
maximum recovery diluent (MRD, Oxoid) 
M-broth (Difco) 
modified lysine decarboxylase broth (MLD) contained (g/1): yeast 
extract 3.0, glucose 1.0, L-lysine 5.0, sodium biselenite 0.8, 
ferrous ammonium sulphate 0.075, sodium thiosulphate 0.075. The 
ingredients were dissolved in distilled water and steamed for 8 
min. If necessary, the pH was adjusted to 6.1 (Arnott et al., 
1988). 
Nitrogen-deficient medium (NDM, Sutherland & Wilkinson, 1965) 
Nitrogen-deficient medium without glucose (NDM-glucose) 
Nutrient broth (NB, Oxoid) 
Plate count agar (PCA, Lab m) 
Rappaport vassiliadis broth (RV, Difco) 
Selenite cystine broth (SC, Difco) 
Trypticase soy broth (TSB, Gibco) 
Trypticase soy agar (TSA; TSB + 1.5% m/V agar, Oxoid) 
Violet red bile agar (VRBA, Oxoid) 
xylose lysine agar (XL, Difco) 
Xylose lysine desoxycholate agar (XLD, Oxoid) 
unless otherwise stated media were prepared according to the 
manufacturer, s instructions. 
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Enumeration of bacteria by colony counting 
Dilutions (serial, decimal)'were made in mRD. 
spiral plate method: volumes (50-pl) of the appropriate dilutions 
were applied to prepared agar plates using a spiral Plate Maker (Don 
Whitley scientific Ltd, Shipley). 
Spread plate method: volumes (0.1-ml) of the appropriate dilutions 
were spread on the surface of prepared agar plates. 
Pour plate method: volumes (1-ml) of the appropriate dilutions were 
mixed with 20 ml of molten agar (450C) and allowed to solidify. 
Colonies were counted after incubation of the plates at 370C for 
18-24 h. 
Electron microscopy 
Glutaraldehyde fixation: the sample of magnetic particles or glass 
wool sample was placed in 2.5% glutaraldehyde (EM grade) in 0.1M 
sodium cacodylate buffer, pH 7.6 for 60 min. The sample underwent a 
series of 30-min washes: 2x sodium cacodylate buffer, 70% ethanol, 
80% ethanol, 90% ethanol, 2x 100% ethanol, 25% freon 
(dichlorodifluoromethane) in absolute ethanol, 50% freon, 75% freon, 
2x 100% freon. 
Ruthenium red fixation: the above procedure was used except that the 
fixative contained 0.1% ruthenium red in addition to glutaraldehyde. 
The samples were air dried, sputter coated with platinum and examined 
at 40kv in a Joel 1200EX electron microscope in scanning mode. 
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FLAGEIMAR ANTIGEN PRODUCTION AND GROWTH OF SALMONELLA IN 
ENRICHMENT BROTHS 
4.1 INTRODUCTION 
Existing rapid methods for the detection of salmonella in foods 
require certain cell concentration thresholds to be reached and 
therefore periods of cultural enrichment are required. in the case of 
immunologically based rapid methods the quantity of antigens (usually 
flagellar) per cell as well as the cell concentration could affect 
the sensitivity of the assay. Both these factors would also affect 
the success of an immunomagnetic separation technique. If the 
multiplication of Salmonella cells and the production of flagellar 
antigens were enhanced this would allow the application of an 
immunomagnetic separation technique at an earlier stage of cultural 
enrichment, therefore enabling more rapid salmonella detection. 
The synthesis of flagella by S. typhimurium has been shown to be 
affected by environmental factors. Flagella production was inhibited 
by increasing the incubation temperature from 37*C to 440C (Quadling 
& Stocker, 1962) and the inclusion of certain compounds (e. g. 2: 4 
dinitrophenol, 0.001M) in the growth medium (Kerridge, 1960). There 
is evidence that culturing in M-broth, which is often used in ELISA 
procedures (see chapter 2), enhances the production of salmonella 
flagella (Flowers, 1985). Using an ELISA it was found that lower 
numbers of salmonellae could be detected when cultured in M-broth as 
compared with Gram-negative broth (Difco). 
The use of selective motility media for the isolation of salmonellae 
from foods has been reviewed (chapter 2). Ibrahim (1984) used the 
passage of salmonellae through semi-solid media to obtain highly 
motile isolates for subsequent flagellin isolation. 
There is evidence that microbial competition can affect the growth of 
salmonellae in liquid media. Jameson (1962) reported that the 
achievement of maximum stationary phase by gram-negative organisms 
inhibited the growth of salmonellae. This was more recently supported 
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by studying the growth of salmonellae and competing flora in meat 
enrichment broths (Beckers et al., 1987). The authors likened the 
salmonella isolation procedure to a "black box" in that a sample is 
introduced and salmonella is either detected or not and what happens 
in between in terms of cell multiplication is largely unknown. 
Inhibition of gram-negative organisms, other than salmonella, in 
pre-enrichment media might prevent the inhibitory effect on the 
growth of salmonellae and allow the application of an immunomagnetic 
separation technique at this stage. Reamer et al. (1969) reported 
that the addition of trypsin to lactose broth improved the 
sensitivity of the immunofluorescent assay for Salmonella in non-fat 
dry milk. This was attributed to the inhibitory effect of trypsin on 
the growth of coliform. organisms whilst having no adverse effect on 
salmonella cell multiplication. 
The objectives of the present study were to: 
a) Investigate the effect of different liquid growth media on the 
production of flagellar antigens by s. typhimurium. 
b) Investigate the effect of migration of S. typhimurium through 
semi-solid media on the flagellar antigen density of the resulting 
population. 
c) Investigate the effect of trypsin on the growth of salmonella and 
other gram-negative organisms in pre-enrichment broth. 
4.2 MATERIALS AND METHODS 
skimmed milk powder 
skimmed milk powder was purchased locally. skimmed milk powder 
artificially contaminated with salmonella panama (1.5 cells/g) and a 
cocktail (110 cells/g) of K. pneumoniae, E. coli, C. freundii and 
P. mirabilis was kindly provided by mr mike Arnott from Cadbury 
schweppes p1c. 
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ELISA 
salmonella flagellar antigen production was assessed by determining 
the minimum cell concentration required for detection using the 
TecraTM Visual salmonella ELISA (BioEnterprises Pty Ltd, Australia). 
cell suspensions in MRD were heated and assayed following the 
procedure specified by BioEnterprises Pty Ltd. A sample giving an 
ELISA absorbance reading of ý0.3 was considered positive for 
salmonella. 
Flagellar antigen production of exponential phase S. typhimurium 
S. typhimurium (NCTC 74) was cultured in TSB for 24 h at 370C, 
diluted in MRD and 1 ml of an appropriate dilution was used to 
inoculate 100-ml quantities of pre-warmed M-broth, BPW, NB and GN 
broth at a level of about 1x 103 cfu/ml. Broths were incubated in a 
water bath at 37*C for 6 h. samples, taken at 15 or 30-min intervals, 
were analysed by ELISA and the cell concentration determined by 
spiral plating on TSA plates (Chapter 3). 
Flagellar antigen production of stationary phase S. typhimurium 
Broths were inoculated and incubated as described previously for 
exponential phase cells. After 24 h incubation the cell concentration 
was determined and serial two-fold dilutions were made in MRD for 
ELISA determinations. 
migration of S. typhimurium through semi-solid media 
semi-solid versions of M-broth and BPW were prepared by the addition 
of 0.5% m/V agar (Oxoid). The semi-solid medium (10 ml) was 
autoclaved (1210C, 15 min) in a glass U-tube (diameter 13 mm). The 
medium was allowed to cool and 3 ml of the same medium, with agar 
omitted, was added aseptically to each arm of the U-tube. The U-tube 
was warmed to 37*C and one arm was inoculated with 100 pl of an 
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appropriate dilution of S. typhimurium culture to provide a 
concentration of about 1x 103 CfU/ml. After incubation in a water 
bath at 370C for 24 h the cell concentration and flagellar antigen 
density of the migrated and non-migrated cultures were determined by 
the method for stationary phase cells described previously. 
Effect of trypsin on cell multiplication in pre-enrichment broth 
Pancreatic trypsin (0.01 g, activity 1530 BAEE units/mg; Sigma) was 
dissolved in 90 ml BPW and filter sterilised (Millipore filter, 
0.4 pm porosity). Pure cultures of S. typhimurium and E. coli, 
cultured in TSB at 370C for 24 h, were diluted (serial decimal) in 
MRD and 1-ml volumes were added to the broths to give cell 
concentrations of ca 103 cfu/ml. The broths were incubated in a water 
bath at 37*C for 24 h. samples (1-ml) were taken at intervals and 
diluted (serial decimal) in mRD. cells were enumerated on TSA plates 
using the spread plate method (Chapter 3). 
Effect of trypsin on cell multiplication in skimmed milk powder 
pre-enrichment broths 
BPW containing trypsin was prepared (as described above) and 
brilliant green (0.002% m/V final concentration) and skimmed milk 
powder (10 g) were added and mixed by swirling. In one experiment, 
broths were inoculated with pure cultures of E. coli and S. 
typhimurium as described above. Broths were incubated at 370C and 
cells enumerated by spread plating on VRBA or, in the case of 
Salmonella enumeration, XLD plates (Chapter 3). The predominant 
bacterial flora of some broths was identified biochemically (API 20E, 
biom6rieux, Basingstoke) by selecting representative colonies from 
plates containing 30-300 colonies. 
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4.3 RESULTS 
4.3.1 Production of flagellar antigens by S. typhimurium in 
different liquid media 
The increase in cell numbers of S. typhimurium in the different 
liquid media is shown in Fig. 4.1. The rate of cell multiplication in 
BPW, NB and M-broth was similar with average doubling times from the 
two experiments of 20,22 and 24 min respectively. The cell 
concentration after 24 h incubation in these media was also similar 
(about 9.3 loglo cfu/ml). cell multiplication in GN broth, however, 
was slower (doubling time of 29 min) and the cell concentration after 
24 h was less (8.5 loglo cfu/ml). 
The flagellar antigen density of exponential and stationary phase S. 
typhimurium cells cultured in different media was assessed by 
determining the lowest cell concentration detectable by ELISA. The 
results from Experiment 1 and Experiment 2 (Fig. 4.2) were obtained 
using different ELISA kits that possessed different batch numbers. In 
Experiment 1 flagellar antigen production of exponentially growing 
cells was similar in NB, BPW and M-broth (ELISA detection 6.5-7.0 
loglo cfu/ml). Flagellar antigen densities of stationary phase cells 
were lower than exponential phase cells cultured in the corresponding 
broths with an increase in the cell concentration necessary for ELISA 
detection by 0.5-1.2 loglo cycles. In Experiment 2 the cell 
concentrations necessary for detection by ELISA were lower by up to 2 
loglo cycles than in Experiment 1. Here again, exponential phase 
cells cultured in BPW, NB and M-broth possessed more flagellar 
antigens than the corresponding stationary phase cells. culturing in 
GN broth, however, appeared to inhibit the production of flagellar 
antigens of exponentially growing cells as compared with the other 
media. 
The reproducibility of the inhibitory effect of GN broth was 
investigated by repeating the flagellar antigen determinations of 
stationary and exponential phase cells (Fig. 4.3) in M-broth and GN 
broth. The ELISA detection limit for stationary phase cells was 
similar between media and on both occasions (about 6 loglo cfu/ml). 
-49- 
CM 
0 
IlL, 
=Ir 
3: 1 , KL 0 c; M 
E 
cm Z 
.0 
Co 
1D 
Mie. 7D 
.o LJ e 
:ýi', ' 
3: 1 'e CL 0 c; im i CY 
CD 
E 
lllýýý 1 
D 
-c 
E 
r) 
lq** 
-12 
3. a 
E 
I- 
9 
04 
(0 
-0 
cr 
(D 
E 
CL w= 
x 
LU 
.r 
Z 
E 
0 
r_ 
0 
75 
CL x LU 
ci 
cr) 
CD Co r- (D LO xt 
(lwinjo 01601) UOIIIBjlueouoo Ileo 
Co (0 le 
(lwlnjo *l601) UOIIYZJ; Ueouoc) 1190 
BPW 
M-broth 
NB 
GN broth 
2.0 r 
1.5 
(A 1.0 
CI) 
LU 
0.5 
0.0 
5.5 6.0 
a. Experiment 1 
2.0 
1.5 
1.0 
(n 
0.5 
0.0 1-- 
4.5 
-50- 
Exponential phase cells Stationary phase calls 
Detection 
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6.5 7.0 7.5 8.0 
Cell concentration (log,, cfu/ml) 
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b. Experiment 2 
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Fig. 4.2 Flagellar antigen production by S. typhimurium 
(NCTC 74) in different liquid media 
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Fig. 4.3 Flagellar antigen production by S. typhimurium 
(NCTC 74) in M-broth and GN broth 
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The inhibitory effect of GN broth on flagellar antigen production of 
exponentially growing S. typhimurium cells was evident on both 
occasions. 
4.3.2 Effect of migration of S. typhimurium through semi-solid media 
on flagellar antigen production 
The cell concentration results (Fig. 4.4) suggested that migration 
through semi-solid M-broth was more rapid than through semi-solid BPW 
and NB. After 18 h incubation (Fig. 4.4a) a larger migrated cell 
population was obtained with M-broth (about 7 loglo cfu/ml) than with 
the other two media (<5.3 loglo cfu/ml). In a further experiment 
(Fig. 4.4b) the cell concentrations were determined after 24 h 
incubation. A larger migrated population was obtained with M-broth 
(9.4 logio cfu/ml) than BPW (8.3 loglo cfu/ml) and NB (7.9 loglo 
cfu/ml). 
The flagellar antigen production by non-migrated and migrated S. 
typhimurium cells after 24 h incubation in M-broth and BPW was 
determined (Fig. 4.5). Migration through semi-solid media enabled 
ELISA detection of slightly lower cell concentrations (0.25 loglo 
cycles) than when using non-migrated cells cultured in the 
corresponding media. migration through semi-solid M-broth did not 
enhance flagellar production compared with migration through 
semi-solid BPW. 
4.3.3 Effect of trypsin of the growth of S. panama and other 
Enterobacteriaceae in skimmed milk powder pre-enrichment broth 
After 1h incubation in the presence of trypsin the milk had gelled 
and after a further 1-2 h the casein was sufficiently digested for 
sample turbidity to be substantially reduced. 
Trypsin had no effect on the growth of S. typhimurium and E. coli in 
either pure culture (Fig. 4.6) or artificially contaminated skimmed 
milk powder pre-enrichment broths (Fig. 4.7). Trypsin, however, 
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retarded the multiplication of the natural coliform flora of the 
skimmed milk powder control sample by about 2 loglo cycles 
(Fig. 4.7). This inhibitory effect of trypsin was seen using another 
skimmed milk powder sample with the multiplication of coliforms 
reduced by 2.5 and 1.5 loglo cycles after 18 and 24 h incubation 
respectively (Fig. 4.8). 
The presence of trypsin increased the cell concentration of S. panama 
after 18 h incubation in artificially contaminated skimmed milk 
powder pre-enrichment broth (Fig. 4.9a). Trypsin had no effect on the 
cell concentration of non-salmonellae after 18 and 24 h incubation. 
To determine whether trypsin had any effect over the exponential 
growth phase the experiment was repeated with cell concentrations 
determined over the 8-16 h period (Fig. 4.9b). Trypsin had very 
little effect on the growth promotion of S. panama with the largest 
difference (ca 0.5 loglo cycles) occurring between 8 and 10 h 
incubation. Trypsin appeared to decrease the lag phase of the 
non-salmonellae by 2 h. There was, however, no obvious difference in 
the bacterial growth rates of the non-salmonellae although the 
trypsin-containing sample had 1 loglo cycle fewer cells after 37 h 
incubation than the control sample. The bacterial floras of the two 
samples differed: the trypsin-containing sample comprised Pseudomonas 
aeruginosa while the control sample contained Klebsiella pneumoniae 
and an unidentified isolate. 
Figure 4.10 shows the effect of trypsin on the growth of coliforms in 
naturally contaminated skimmed milk powder pre-enrichment broths. 
Three separate experiments were undertaken using different batches of 
skimmed milk powder and duplicate broths. In batch 1, the cell 
concentration in both samples containing trypsin remained below the 
detection limit (10 cfu/ml) for the duration of the experiment. The 
trypsin-free control samples contained 5.8 and 8.3 loglo cfu/ml after 
37 h incubation though only one sample contained a detectable level 
(2.8 loglo cfu/ml) of bacteria after 16 h. Both samples contained 
Alcaligenes calco var anitrat and Enterobacter agglomerans as the 
majority organisms. 
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with batch 2, one trypsin-containing sample had less than 10 cfu/ml 
after 37 h while the other sample contained about 9 loglo cfu/ml and 
in which cell multiplication was detected at an earlier stage (8 h) 
than the trypsin-free controls (9 and 13 h). Isolates from the three 
pre-enrichment broths were all identified as Ps. aeruginosa. 
using the third batch of skimmed milk powder samples bacterial 
multiplication in the duplicate control samples was very similar over 
the 8-16 h incubation. one trypsin-containing sample had higher 
levels of bacteria than the controls over this period while the other 
sample had lower levels. Both trypsin-containing samples had larger 
cell concentrations than the controls after 37 h incubation. 
Enterobacter cloacae was the only organism identified in the 
trypsin-containing broths while one trypsin-free control contained A. 
calco var anitrat and the other A. calco var anitrat, an Erwinia spp. 
and E. cloacae in approximately equal numbers. 
4.4 DISCUSSION 
The results indicated that exponential phase cells possessed more 
flagellar antigens than stationary phase cells. During the 
exponential growth phase, S. typhimurium flagella double in a cell 
cycle and distribute approximately evenly to the daughter cells 
(Quadling & stocker, 1962). The presence of a population of cells 
just prior to division and possessing twice the normal complement of 
flagella might account for the increased sensitivity of the ELISA for 
the detection of exponential phase cells. microscopic examination of 
flagella-stained salmonellae might confirm this. Flagella staining 
has been used to assess flagella synthesis (Kerridge, 1960; Iino et 
al., 1987) but it has been found that most cells are separated from 
their flagella during the procedure (Heimbrook et al., 1989). 
In these experiments, stationary phase was entered when the cell 
concentration reached about 109 cfu/ml. A Salmonella separation 
technique, however, is more likely to be applied to a food enrichment 
culture in which salmonellae are at much lower numbers than 
-60- 
109 cfu/ml and therefore in exponential phase. It is conceivable, 
however, that salmonellae could be at concentrations much less than 
109 cfu/ml but having entered a stationary phase due to the presence 
of other gram-negative organisms (Jameson, 1962). A reduction in the 
density of flagellar antigens of these cells would then have 
implications for flagellar antibody-based detection and separation 
techniques. 
Flowers (1985) compared the use of post-enrichment in either M-broth 
or GN broth for the detection of salmonellae in foods using the 
salmonella Bio-Enzabead screen Kit. Salmonellae at a level of about 
5.5 loglo cfu/ml in M-broth gave an ELISA-poSitive result whereas at 
a concentration of about 6.7 loglo cfu/ml in GN broth they could not 
be detected using the ELISA. Flowers (1985) concluded that this data 
supported other reports that growth in M-broth improved flagella 
production and serological reactions involving flagellar antigens. In 
the present study, similar results were obtained with exponential 
phase cells in that concentrations of less than 5.5 loglo cfu/ml in 
M-broth were positive while concentrations of up to 6.6 loglo cfu/ml 
in GN broth were negative. However, the inclusion of BPW and NB 
indicated that it was GN broth that inhibited flagellar antigen 
production rather than M-broth that improved it. The growth rate of 
S. typhimurium in GN broth was slower than in the other three media. 
This was probably caused by the presence of sodium desoxycholate at 
0.05% m/V which may also have inhibited flagella production. 
Results from this study and those obtained by Flowers (1985) 
indicated that it would be unwise to use GN broth prior to 
application of an immunologically-based separation technique. The 
fact that no benefit or disadvantage for flagellar antigen production 
was obtained in the other media would indicate that such a technique 
could be applied to these broths with equal success. It should be 
noted that these results were obtained with only one salmonella 
serotype which was used in an unstressed state. Flagellar antigen 
production of other serotypes and from sublethally injured 
populations might well be different. 
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migration of S. typhimurium cells was found to be more rapid through 
semi-solid M-broth than BPW and NB. De Smedt & Bolderdijk (1987) 
showed that the composition of semi-solid RV medium could affect the 
speed of salmonella migration. migration through semi-solid M-broth 
did not result in a population with more flagellar antigens than 
migration through semi-solid BPW. A slightly lower cell concentration 
of the migrated population could be detected than the non-migrated 
culture in the corresponding medium. This, however, might be due to 
the fact that the migrated culture was either in exponential phase as 
with BPW or had probably only just entered stationary phase as with 
M-broth. migration through a semi-solid medium would not appear to 
offer any advantage of providing increased sensitivity to an 
immunologically-based separation technique. Indeed, the incubation 
time required to allow migration would add time to the methodology. 
The only benefit it might offer would be by selective inhibition of 
migration, so improving the salmonella to competitor ratio. 
Trypsin had no inhibitory effect on E. coli cultured in either BPW or 
artificially contaminated pre-enrichment broth containing skimmed 
milk powder nor was there any enhancement of the cell multiplication 
of S. typhimurium. In some naturally contaminated skimmed milk powder 
samples, however, trypsin had the effect of inhibiting the 
multiplication of coliforms. Reamer et al. (1969) found that trypsin 
enhanced the sensitivity of an immunofluorescent technique by it's 
inhibitory effect on coliforms. Trypsin has been incorporated in a 
selective and differential medium for the detection of salmonella 
in 
dairy products, although novobiocin was found to be necessary to 
inhibit the growth of spore formers and certain strains of E. Coli 
and Proteus (Hargrove et al., 1971). Reamer et al. (1969) also 
concluded that trypsin might have had the effect of freeing 
Salmonella cells from encasement in casein clumps and therefore 
enabling more immediate multiplication. In the present study this 
enhancement of salmonella growth by trypsin was indicated in one 
experiment using artificially contaminated skimmed milk powder. This 
effect, however, was found not to be reproducible. 
studying three different batches of naturally contaminated skimmed 
milk powder samples in duplicate the inhibitory effect of trypsin on 
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the growth of coliforms was found not to be reproducible. This could 
be caused by sample variation due to the very low levels of coliforms 
present in the samples. The fact that trypsin-containing samples in 
which coliform. multiplication was not inhibited contained a different 
majority flora than the control samples suggested that trypsin might 
only have an inhibitory effect on certain organisms. Because no 
growth of coliforms was seen after addition of trypsin to some 
samples it is likely that it was toxic to sublethally damaged cells 
which are more sensitive to adverse chemicals (Ray, 1979). 
Because trypsin only had a limited inhibitory effect, and that this 
seemed to be dependent on the low numbers of stressed cells, it would 
not have widespread benefit for detection or separation of salmonella 
from foods. In addition, the presence of a proteolytic enzyme in a 
technique based on antibodies and flagella could be detrimental. 
4.5 summARY 
An ELISA has been used to assess flagellar antigen production of S. 
typhimurium cultured in different liquid media and after migration 
through semi-solid media. Exponentially-growing cells could be 
detected down to lower concentrations than stationary phase cells 
indicating the possession of more flagellar antigens. It was 
considered that the nature of the colony count method could have 
accounted for some of this difference. Flagellar antigen production 
of exponential phase cells appeared to be inhibited in GN broth 
compared with three non-selective broths (BPW, M-broth and NB). 
migration of S. typhimurium through semi-solid M-broth was found to 
be more rapid than through semi-solid BPW. The migrated populations 
did not possess significantly different densities of flagellar 
antigens. slightly lower concentrations of migrated populations could 
be detected by ELISA than the non-migrated cultures. It was 
considered that this could have been due to enhancement of flagellar 
production or to variations caused by the colony count method. 
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The selective inhibitory effect of trypsin on the growth of coliforms 
(Reamer et al., 1969) was investigated further. Trypsin did not 
inhibit the growth of E. coli or enhance S. typhimurium 
multiplication in pure culture or in skimmed milk powder 
pre-enrichment broth. Trypsin had an inhibitory effect on the growth 
of coliforms in some naturally contaminated skimmed milk powder 
pre-enrichment broth samples. The effect was found not to be 
reproducible, possibly due to sample variation caused by a 
heterogeneous distribution of coliform, bacteria or that trypsin had a 
selective inhibitory effect. 
The implications of results from this study are discussed in relation 
to the application of an antibody-based separation or detection 
technique. 
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WITH IMMUNOSORBENT MAGNETIC GEL AND GLASS SURFACES 
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5 INTERACTION OF SALMONELLA AND OTHER ENTEROBACTERIACEAE WITH 
IMMUNOSORBENT MAGNETIC GEL AND GLASS SURFACES 
5.1 INTRODUCTION 
The conventional cultural method for the detection of salmonella in 
foods is labour- and material-intensive and time consuming, with 
negative results requiring 3-4 days and positive confirmations taking 
up to 7 days. consequently, much research effort has focused on the 
development of rapid methods for salmonella detection (see chapter 
2.3). Most of these techniques, however, still have a requirement for 
lengthy periods of cultural enrichment prior to their application. 
This is in order to amplify the number of target cells, and to reduce 
the number of other organisms so that they do not interfere with 
either the detection system or the multiplication of salmonella. 
A separation technique that would specifically separate and 
concentrate salmonella at an early stage of the cultural enrichment 
protocol would obviate the need for further lengthy culturing and 
would enable early application of the detection system so as to 
provide a considerable time saving. many separation techniques have 
been developed and applied to food systems (chapter 2.4). 
The use of immunomagnetic particles has many advantages over other 
separation techniques in that it is rapid, inherently specific, 
requires simple and relatively inexpensive equipment and lends itself 
to automation. Patel (1984) used Salmonella-specific antibodies 
coupled to a magnetic gel (Magnogel) to separate S. typhimurium from 
mixed cultures and from food pre-enrichment broths. There was 
enrichment of S. typhimurium by up to 13-fold against E. coli and up 
to 5-fold against C. freundii. S. typhimurium, however, was not 
enriched from a 24-h artificially contaminated cocoa powder 
pre-enrichment broth culture. 
The objective of the present study was to develop further the 
application of the separation technique used by Patel (1984). 
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5.2 MATERIALS AND METHODS 
Antisera against salmonella flagellar antigens 
Spicer-Edwards antisera (Difco), specific for a range of salmonella 
flagellar antigens, were pooled according to Boothroyd & Baird-Parker 
(1973). Polyvalent H phase 1 and 2 antiserum (wellcome Research 
Laboratories, Dartford) was also used. Antisera were dialysed against 
1 litre of O. 1M phosphate buffer pH 7.0 for 16h at 40C. The dialysed 
antisera were sterilised by filtration (0.22 pm filter, Millipore) 
and stored at 4*C. 
Purification of IgG-type antibodies from pooled Spicer-Edwards 
antiserum 
The procedure described by Patel (1984) was followed. 
magnetic gel 
Act-Magnogel AcA 44 (LKB Ltd) consists of 4% polyacrylamide and 4% 
agarose in a bead form with 7% iron oxide in the matrix, enabling it 
to be attracted by a magnetic field. The beads are activated by 
glutaraldehyde and therefore free amino groups (e. g. in proteins) can 
be immobilised to the gel. 
Immobilisation of proteins to ACt-magnogel AcA 44 
The following proteins were coupled to the ACt-Magnogel: whole 
Spicer-Edwards antiserum, IgG-type antibodies purified from 
Spicer-Edwards antiserum and whole salmonella polyvalent H phase 1 
and 2 antiserum. The protein immobilisation procedure described by 
Patel (1984) was followed. 
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Preparation of microbial cultures 
Bacteria were grown in static cultures of 10 Ml TSB at 37*C for 24 h 
and the cells harvested by centrifugation (4,000 rev/min for 15 min; 
Centaur 2 centrifuge, MSE Scientific Instruments, Crawley). cells 
were washed twice by resuspending in 5 ml 0.05M phosphate buffer 
pH 7.0 and centrifugation as described previously. Bacteria were also 
grown in static culture in 10 ml BPW and 10 ml M-broth at 37*C for 
24 h but these cells were not washed prior to use. 
Enrichment of S. typhimurium (NCTC 74) from mixed cultures using 
antibody-coated Magnogel 
Antibody-coated Magnogel suspension (1 ml) was added to a glass 
scintillation vial, a magnet applied, and the supernatant liquid 
discarded. The gel was suspended in 2 ml of a binary bacterial 
mixture (106-108 cfu/ml) and incubated at 370C for 90 min with gentle 
mixing (Multimix, Luckham Ltd, Burgess Hill). The Magnogel was 
separated with a magnet and 1 ml of the supernatant was removed for 
viable counts on the appropriate agar medium. The rest of the 
supernatant was discarded and the gel was gently washed twice with 
20 ml 0.05M phosphate buffer pH 7.0 in order to remove unbound cells. 
The Magnogel was resuspended in 5 ml 0.05M phosphate buffer pH 8.0 
and mixed (Whirlimixer, Fisons) for 60 s to remove bound cells. The 
Magnogel was separated and 1 ml of the supernatant was removed for 
the estimation of viable organisms. 
Enumeration of microbial mixtures 
Viable counts of micro-organisms were determined using the spiral 
Plater method (see Chapter 3). mixtures of S. typhimurium and E. C01i 
were enumerated on VRBA and mixtures of S. typhimurium and C. 
freundii were enumerated on XLD. 
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Bacterial adhesion to glass and plastic - colony count method 
The adsorption of pure bacterial cultures to the internal surface of 
glass scintillation vials, glass universal bottles, polycarbonate 
centrifuge tubes (Nunc; Gibco, Uxbridge) and polystyrene centrifuge 
tubes (Sterilin Ltd, Hounslow) was determined by following the 
procedure for the enrichment of S. typhimurium from mixed cultures 
but with the Magnogel omitted. The concentration of residual cells 
(non-adherent cells present in the glass vial after washing) was 
determined after gentle addition of 2 ml 0.05M phosphate buffer pH 
7.0 to the glass vial. 
Bacterial adhesion to glass wool - ATP assay 
Glass wool (ca 0.2 g) was quite tightly packed into a2 ml disposable 
syringe. A cell suspension in BPW (0.5 ml), incubated at 370C for 
24 h, was drawn into the syringe and incubated at ambient temperature 
for 30 min. The syringe was gently discharged and the wool washed 
three times by addition of 1 ml 0.05M phosphate buffer pH 7.0 to the 
plunger end of the syringe and expulsion by gently depressing the 
plunger. 
To release the microbial ATP of the adsorbed cells 0.5 ml 
trichloroacetic acid (TCA, 2% m/v) was drawn up into the syringe, 
left for 1-2 min and then expelled. The extract (100 pl) was added to 
a mixture of 200 pl ATP-monitoring reagent (firefly luciferin- 
luciferase reagent; Pharmacia/LKB, Milton Keynes) and 700 pl 
Tris-EDTA buffer (containing 0.1M Trizma base, 2. OmM. EDTA adjusted to 
pH 7.75 with 0.1M acetic acid). Light emmision was measured using an 
LKB luminometer Model 1250 and recorded as mV on an LKB chart 
recorder Model 2210. The concentration of ATP in the extract was 
calculated by determining the response of 10 pl of an appropriate 
dilution of a standard ATP solution added to each sample. The ATP 
content of the bacterial inoculum was determined by adding 0.5 ml of 
cell suspension to 0.5 ml TCA (4% m/V) and measuring the extracted 
ATP as described above. 
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Electron microscopy 
Spicer-Edwards antiserum-coupled Magnogel was incubated with about 
108 S. typhimuriumlml and washed, as described above. Glass wool 
samples were incubated with about 108 cfu/m, of S. typhimurium or E. 
coli and washed, as described above. Electron micrographs were made 
using the procedure described in chapter 3. 
Cell surface hydrophobicity 
The cell surface hydrophobicities of cells, cultured in TSB and 
washed in 0.05M phosphate buffer pH 7.0 as described previously, were 
assessed using a salt aggregation test (Rozgonyi et al., 1985). 
5.3 RESULTS 
5.3.1 Affinity of mixed cultures of Enterobacteriaceae for various 
Salmonella antibodies coupled to ACt-Magnogel 
S. typhimurium was enriched 43-fold from a mixture with E. coli using 
Spicer-Edwards antiserum (SEA)-coupled Magnogel (Table 5.1). This was 
an average from four experiments with the enrichment value calculated 
from the change in the ratios between bound and inoculated cells. 
There was an average enrichment of 25-fold of S. typhimurium from a 
mixture with E. coli when both purified SEA IgG-coupled Magnogel and 
polyvalent H antiserum-coupled Magnogel were used. S. typhimurium was 
also enriched against E. coli when Magnogel with no coupled 
antibodies was used (55-fold enrichment using glycinamide-coupled 
Magnogel and 28-fold enrichment using Magnogel with no couple 
ligand). 
S. typhimurium was not consistently enriched from a mixture with C. 
freundii using Magnogel coupled with salmonella antibody-coupled 
Magnogel (Table 5.2). 
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Table 5.1 Interaction of a mixture of S. typhimurium (NCTC 74) and 
E. coli with various antibody-coupled Magnogel preparations 
Ligand coupled 
to magnogel 
Ratio of E. coli to S. typhimurium 
inoculated 
cells 
Unbound 
cells 
Bound 
cells 
17 : 
Spicer-Edwards 23 : 
antiserum 20 : 
41 : 
51 
21 
91 
58 
5 
1.7 
1.4 
1 
Enrichment 
(fold) 
85 
38 
29 
21 
Spicer-Edwards 17 : 1 12 : 1 1: 3.3 57 
antiserum 23 : 1 16 : 1 2: 1 12 
(IgG fraction) 20 :1 49 : 1 1: 1 20 
41 :1 27 : 1 4: 1 10 
17 :1 12 : 1 1 : 1.4 24 
Polyvalent H 23 :1 12 : 1 5 :1 5 
antiserum 20 :1 32 : 1 1 : 2.5 50 
41 :1 44 : 1 2 :1 21 
Glycinamideb 11 :1 NDa 1: 5 55 
No ligand 84 :1 133 :13: 1 28 
couple 
a Not done 
b Glutaraldeyde groups on magnogel blocked by incubation with 0.1M 
phosphate buffer pH 7.4, containing 0.1m glycinamide (Patel, 
1984) 
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Table 5.2 Interaction of a mixture of s. typhimurium (NCTC 74) and 
C. freundii (EX MMS) with various antibody-coupled Magnogel 
preparations 
Ratio of C. freundii to S. typhimurium 
Ligand coupled Enrichment 
to Magnogel inoculated Unbound Bound (fold) 
cells cells cells 
23 :1 30 :1 9: 1 2.6 
spicer-Edwards 39 :1 14 :1 19 :1 2.1 
antiserum. 14 :1 52 :1 30 :1 NEa 
9: 1 23 :1 21 :1 NE 
spicer-Edwards 23 :1 21 :1 11 :12.1 
antiserum 39 :1 16 :1 14 :12.8 
(IgG fraction) 14 :1 27 :1 20 :1 NE 
9: 15: 1 11 :1 NE 
23 : 1 18 : 1 12 1 1.9 
Polyvalent H 39 : 1 20 : 1 17 1 2.3 
antiserum 14 : 1 55 : 1 32 1 NE 
9: 1 18 : 1 20 1 NE 
a NE, No enrichment of S. typhimurium 
Results presented in Tables 5.1 and 5.2 had been obtained using 
washed cells grown in TSB. Table 5.3 shows enrichment results using 
unwashed cells grown in BPW and M-broth. using spicer-Edwards 
antiserum-coupled Magnogel, 62 and 39-fold enrichments of S. 
typhimurium against E. coli were achieved when cultured in BPW and 
M-broth respectively. S. typhimurium was also enriched when grown in 
BPW (43-fold) and M-broth (23-fold) using glycinamide-coupled 
Magnogel. 
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Table 5.3 Interaction of a mixture of s. typhimurium (NCTC 74) and 
E. coli cultured in different media with Spicer-Edwards antiserum- 
coupled Magnogel 
Ratio of E. coli to S. typhimurium 
Ligand Growth Enrichment 
coupled to medium Inocu lated unbound Bound (fold) 
magnogel cells cells cells 
50 : 1 24 : 1 1: 1 50 
BPW 53 : 1 58 : 1 5: 1 11 
Spicer- 5: 1 NDa 1: 25 125 
Edw ds ar 
antisera 368 : 1 132 : 1 10 :1 37 
M-broth 255 : 1 347 : 1 4: 1 64 
108 : 1 ND 5: 1 22 
10 : 1 ND 1: 3.3 33 
BPW 20 : 1 33 : 1 1: 1.1 22 
5 1 ND 1: 3.3 63 
Glycinamide 
M-broth 108 1 ND 9: 1 12 
10 1 ND 0.3 :1 33 
a ND, Not done 
Electron microscopy was used to examine the surface of antibody- 
coupled Magnogel. After incubation with a suspension of S. 
typhimurium, with glutaraldehyde as the fixative, bound cells were 
seen (Plate 5.1a) but the vast majority of the particles, surface was 
devoid of bacteria. with ruthenium red, also in the fixative buffer, 
a higher density of bound cells was seen, but this only comprised a 
small percentage of the particles, surface (Plate 5.1b). There still 
did not appear to be a sufficient density of bound cells to account 
for the number of cells recovered after elution. It was considered 
that bacterial binding to the internal surface of the experimental 
glass vial might be contributing to the adsorbed cell count. 
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a. Glutaraldehyde fixative 
b. Ruthenium red fixative 
Plate 5.1 S. typhi-murium (NCTC 74) cells bound to the surface of 
antibody (spicer-Edwards antiserum)-coupled Magnogel 
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5.3.2 Interaction of Enterobacteriaceae with glass and plastic 
surfaces 
There was a linear relationship between the number of adsorbed cells 
and the inoculum level for both s. typhimurium and E. coli to the 
internal surface of glass vials (Fig. 5.1). At any given inoculum 
level there was a greater number (1-2 loglo cycles) of adsorbed S. 
typhimurium than E. coli for both pure and mixed culture inocula. 
At S. typhimurium inoculum levels above about 9 loglo cfu/ml the 
number of adsorbed cells did not increase above a maximum of 7.5 
loglo cfu/ml. using similar inoculum levels of E. coli, however, the 
linear relationship between inoculum level and the number of adsorbed 
cells was maintained. 
Increasing the number of washes did not have much effect on the 
number of adsorbed cells of either S. typhimurium or E. coli 
(Fig. 5.2). The number of adsorbed S. typhimurium cells was about 
100-fold more than the adsorbed E. coli. The number of residual cells 
of S. typhimurium maintained a level approximately 2 loglo cycles 
lower than the adsorbed cell number. with E. coli, however, the 
number of adsorbed and residual cells were approximately equal after 
two washes, but increasing the number of washes caused a decrease of 
about 1 loglo cycle in residual cell number. 
Pure cultures of salmonella senftenberg, C. freundii and Proteus 
vulgaris also showed a linear relationship between cell adsorption 
and the inoculum. level (Fig. 5.3). S. senftenberg and C. freundii 
adsorbed to the glass vials in similar numbers to S. typhimurium 
whereas P. vulgaris showed a similar pattern of adsorption to E. 
coli. The differential adsorption of S. typhimurium and E. coli was 
also seen with an additional glass surface and two plastic surfaces 
(Fig. 5.4). The percentage of bound cells varied between surfaces, 
but an enrichment of S. typhimurium of between 10 and 50-fold was 
obtained consistently. 
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cell surface hydrophobicity results, as determined by a salt 
aggregation test, are presented in Table 5.4. The extent of cell 
surface hydrophobicity of the organisms was as follows: C. freundii > 
s. typhimurium / S. senftenberg > E. Coli / P. vulgaris. This pattern 
of results showed similarities to the affinity of the organisms for 
the internal surface of the glass vials (Fig. 5.3). 
Table 5.4 cell surface hydrophobicity of various Enterobacteriaceae 
Ammonium sulphate (M) 
organism NaCl (0.075) 
0.1 0.5 1.0 1.5 
S. typhimurium (NCTc 74) + 
S. senftenberg + 
E. coli 
C. freundil (EX MMS) ++ 
vulgaris 
+ cell aggregation; - no aggregation 
The adsorption of pure cultures of S. typhimurium and E. coli to 
glass wool was determined directly by measuring the ATP of the bound 
cells (Fig. 5.5). Washing the glass wool did not significantly reduce 
the number of bound S. typhimurium cells, whereas the level of 
adsorbed E. coli was reduced. After washing, S. typhimurium was bound 
to the glass wool in greater numbers (approximately 50-fold) than E. 
coli. When the glass wool was examined using electron microscopy S. 
typhimurium cells were seen adsorbed to the glass fibres (Plate 5.2) 
which were notably absent of E. coli (Plate 5.3). 
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Plate 5.2 S. typhimurium (NCTC 74) cells bound to glass wool 
Plate 5.3 Absence Of E. coli cells bound to glass wool 
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The effect of incubation time on the binding of different 
concentrations of S. typhimurium to glass wool, as determined by 
measuring bacterial ATP, was studied (Fig. 5.6). Adsorption occurred 
rapidly, with about 1% of the inoculated cells binding after 30 S. At 
this stage the bound and unbound ATP accounted for over 50% of the 
inoculated bacterial ATP. Bound ATP increased about 0.5 loglo cycles 
after 30 min but decreased slightly after a further 60 min. 
The adsorption to glass wool of three salmonella serotypes and a 
range of other Enterobacteriaceae cultured in BPW was studied 
(Fig. 5.7). All the organisms gave adsorption values of between 22 
and 91% of the inoculated cells, the exception being E. coli which 
adsorbed to the glass wool in much lower numbers (0.21% of the 
inoculum level). 
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5.4 DISCUSSION 
S. typhimurium was enriched from a mixture with E. coli using 
Magnogel to which had been coupled various antibodies specific for 
salmonella flagella (Table 5.1). The mean enrichment values of 
43-fold using SEA, 25-fold using purified SEA IgG and 25-fold using 
polyvalent H antiserum can be compared with the results obtained by 
Patel (1984) using equivalent antibody-coupled Magnogel systems: 
11-fold, 13-fold and 5-fold enrichments, respectively. Although the 
average enrichment values obtained in this investigation were larger 
than those of Patel (1984), they are of a similar magnitude. 
OF No enrichmentis. typhimurium against C. freundii was obtained using 
any of the antibody-coupled Magnogel systems (Table 5.2). Patel 
(1984) also failed to enrich S. typhimurium against C. freundii, 
except when Spicer-Edwards antiserum coupled-Magnogel was used and 
then a 5-fold enrichment was obtained. 
Enrichment of S. typhimurium against E. coli was achieved using 
glycinamide coupled-Magnogel (55-fold) and Magnogel to which no 
ligand had been coupled (28-fold; Table 5.1). Patel (1984), however, 
did not obtain significant enrichment of S. typhimurium using 
glycinamide-coupled Magnogel (2-fold). Using Spicer-Edwards antiserum 
coupled Magnogel, enrichment of S. typhimurium against E. coli was 
also achieved with unwashed cells cultured in buffered peptone water 
(62-fold) and M-broth (39-fold). The enrichment values were of a 
similar magnitude to that obtained using washed cells cultured in 
trypticase soy broth. The similar binding values might be expected 
from previous results (Chapter 4), when cells cultured in buffered 
peptone water and M-broth possessed similar densities of flagellar 
antigens. using s. typhimurium cultured in buffered peptone water and 
M-broth, enrichment of S. typhimurium against E. coli also occurred 
using glycinamide-coupled Magnogel (43 and 23-fold respectively). 
These results indicated that enrichment was not due solely to 
immunomagnetic binding of S. typhimurium. 
Electron micrographs of antibody-coupled Magnogel after incubation 
with s. typhimurium showed insufficient cell binding to the gel 
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surface to account for the enrichment results. It was, therefore, 
considered that the salmonella enrichment results, attributed to 
immunomagnetic binding of cells to antibody-coupled Magnogel, may be 
due to cell adsorption to the internal surface of the glass vial. 
s. typhimurium was seen to adsorb to the glass in greater numbers 
than E. coli (Fig. 5.1). The difference in adsorption between the two 
organisms, which was greater the lower the inoculum level, would 
account for the enrichment of S. typhimurium against E. coli 
attributed to the antibody-coupled Magnogel. It would also account 
for the enrichment results obtained by Patel (1984). C. freundii 
showed only a slightly greater affinity for glass as did S. 
typhimurium (Fig. 5.3) which would account for the lack, or very low 
levels, of enrichment when using antibody-coupled Magnogel. 
Increasing the number of washes did not significantly decrease the 
recovery of S. typhimurium or E. Coli (Fig. 5.2) providing further 
evidence that the cells were adsorbed to the walls of the glass vial. 
The number of residual S. typhimurium cells, however, did not 
decrease with an increased number of washes, as would be have been 
expected. This could be explained by the fact that a proportion of 
the adsorbed cells became detached each time wash solution was added. 
A similar pattern of results was obtained using E. coli except that 
cells adsorbed in lower numbers (ca 100-fold), which would account 
for the enrichment values attributed to the immunoMagnogel. 
The internal surface area of the scintillation vial available for 
bacterial binding was approximately 35 cm2. Assuming an adsorbed 
bacterium would require 2 Pm2' the surface could theoretically 
accommodate about 2x 109 cells. Because a maximum of only 3x 107 
bacteria bound, this would mean that the adhesion process was not 
limited by lack of space. The rate at which bacteria came close 
enough to the surface for the adhesion processes to take effect, and 
cell surface composition, were probably the most important limiting 
factors. 
The differential adsorption of S. typhimurium and E. coli was also 
found with another glass surface and two plastic surfaces (Fig. 5.4). 
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Although the numbers of adsorbed cells varied between surfaces the 
enrichment was of a similar magnitude (10-53-fold). Bacterial 
adsorption to non-biological solid surfaces has been shown to be a 
widespread phenomenon (Daniels, 1972). one approach to explain 
adhesion has been the application of physicochemical theory in which 
bacteria are considered as colloidal particles (Ho, 1986). However, 
the assumption that bacteria behave as inert particles is not always 
valid, that is, when the complexity or variability of the bacteria 
become dominant factors (Fletcher, 1987). Consequently, there have 
been many studies on how the chemical and structural complexity of 
the bacterial surface can affect adhesion, including surface 
appendages (Lillard, 1986) and physiological cell surface changes due 
to nutrient availability (Brown et al., 1977). 
cell surface hydrophobicity has been found to play an important role 
in bacterial adhesion (van Loosdrecht et al., 1987; Rosenberg, 1981), 
although there is also evidence that in some instances no correlation 
has been found (Wyatt et al., 1987). In this present study, the 
degree of surface hydrophobicity of cells (Table 5.4) showed 
similarities with the extent of adsorption to glass (Fig. 5.3). 
BUsscher & Weerkamp (1987) suggested that hydrophobicity plays a 
major role in bacterial adhesion due to its capacity to remove water 
from between contact areas enabling dehydrated parts to interact 
directly through short range interactions. 
Determining cell adhesion using the colony count method employed in 
this study required the removal of the adherent bacteria from the 
solid surface. A proportion of bacteria may have remained attached 
and would, therefore, have gone uncounted. A more accurate result 
would be obtained by measuring the adherent bacteria directly. Such 
methods have included an agar overlay technique (Mackenzie & 
Rivera-Calderon, 1985), epifluorescence microscopy (Clarke & Joint, 
1986) and the use of radiolabelled bacteria (Black et al., 1988). 
Bioluminescence methods to quantify bacterial adherence to surfaces 
have been found to be rapid, sensitive and easy to use (Harber et 
al., 1983; chiaradia et al., 1989) 
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using a bioluminescence method S. typhimurium was found to adsorb to 
the glass wool in greater numbers than did E. coli (Fig. 5.5) and 
this was confirmed by the examination of the glass wool using 
electron microscopy (Plates 5.2 and 5.3). From studying the 
adsorption of a range of organisms it would appear that it was the 
low affinity of E. coli for glass rather than the high affinity of 
salmonellae that was the exception (Fig. 5.6). Hall et al. (1976) 
separated S. typhimurium from E. coli using a DEAE-cellulose column 
and they concluded that this must reflect the chemistry of the cell 
envelope and in particular the occurrence and distribution of 
ionisable groups. The wide variation in bacterial adhesion has been 
demonstrated by Harber et al. (1983) who, by using bioluminescence, 
observed a range of more than 200-fold in the adherence capacity of 
34 urinary isolates of E. coli to hydrophobic polystyrene tubes. 
The work has emphasised the importance of being aware of bacterial 
adhesion when developing a separation technique, and how the choice 
of test organisms can lead to erroneous results. 
5.5 SUMMARY 
A magnetic gel (Magnogel) coated with different antibodies against 
salmonella flagella was used to separate S. typhimurium from E. coli 
(25-43-fold enrichment). No significant enrichment of S. typhimurium 
from a mixture containing C. freundii was obtained. similar magnitude 
enrichment values of S. typhimurium against E. coli were obtained 
using glycinamide-coupled and non-coupled Magnogel. Electron 
micrographs showed very little bacterial binding to the Magnogel. 
S. typhimurium was found to bind to the internal surface of the glass 
vial, in which the separations were undertaken, in higher numbers 
than E. coli. It was concluded that this differential adsorption 
would account for the enrichment values. C. freundii bound to the 
glass surface in similar numbers to s. typhimurium, which 
corresponded to the lack of enrichment attributed to the 
immunomagnogel. 
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The differential adsorption of s. typhimurium and E. coli was also 
seen with another glass surface and two plastic surfaces. Results 
obtained using a salt aggregation test showed some correlation 
between cell surface hydrophobicity and cell adsorption to glass. 
An ATP assay was used to measure the bacterial binding to glass wool. 
Again, S. typhimurium was found to bind in greater numbers than E. 
coli which was shown to have a much lower affinity for glass than a 
range of other bacteria. 
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FACTORS AFFECTING BACTERIAL BINDING TO ANTI-SALMONELLA TYPHIMURIUM 
IMMUNOGLOBULIN G-COATED MAGNETIC PARTICLES 
6.1 INTRODUCTION 
Antibody-coated magnetic particles have been used to separate a wide 
range of cells and molecules (chapter 2.5). Patel (1984) used a 
magnetic gel (Magnogel) to separate S. typhimurium from mixed 
cultures and an artificially contaminated cocoa powder pre-enrichment 
broth. similar results were obtained in this present study, but it 
was found that the enrichment of S. typhimurium could be accounted 
for by cell adsorption to the walls of the glass vessel. 
Magnogel consists of particles with diameters ranging from 50 to 
160 pm, but much smaller magnetic particles have been employed for 
cell separation (Treleaven et al., 1984; Kvalheim et al., 1989; 
L6hden & Bakker-Grunwald, 1989) and it has been stated that the ideal 
size should be 0.2-2.0 pm in diameter (Sharpe, 1988). 
Pooled Spicer Edwards antisera, which was used coupled to Magnogel by 
Patel (1984) as well as in this present study, has also been used in 
other rapid methods including ELISA (Anderson & Hartman, 1985). The 
main problem with this pooled antiserum has been cross reactions with 
other Enterobacteriaceae (Aleixo et al., 1984). Ibrahim et al. 
(1985b), however, used repolymerised salmonella flagellin to obtain 
antiserum, of high titre and specificity, which was used in an ELISA 
(Ibrahim et al., 1985c). 
The aims of this present study were: 
1. To raise antisera against S. typhimurium using the method of 
Ibrahim et al. (1985a). 
2. To use this antiserum and S. typhimurium as a model organism to 
screen a variety of magnetic particles (ranging in size from 
0.5 
to 10 Mm) and to study factors that affect the binding of target 
and non-target organisms to the particles. 
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6.2 MATERIALS AND METHODS 
Antisera 
Flagellin from S. typhimurium NCTC 74 was isolated using the method 
of Ibrahim et al. (1985b). Antiserum was raised in rabbit against 
this flagellin using the method of Ibrahim et al. (1985a). The IgG 
fraction was purified from 2 ml of the antiserum using QAE zetaPrep 
disks (Pharmacia/LKB) following the procedure outlined by the 
manufacturer. The IgG solution was concentrated by dialysis against 
20% polyethylene glycol (40C, 24 h) and resuspended in 5 ml 0.15M 
phosphate-buffered saline, pH 7.2 (PBS), and stored at -18*C. Prior 
to use, the antibody solution was allowed to thaw and was diluted 
1: 10 in PBS. 
Slide agglutination technique 
Bacteria were cultured on BHI agar slopes at 37*C for 24 h. A dense 
suspension of bacteria was made in 0.85% saline on a glass microscope 
slide. Antiserum (1: 10 dilution in PBS) was added and the slide 
rocked gently for about 2 min. Agglutination of the bacteria was 
recorded as a positive result. As a negative control, a duplicate 
bacterial suspension was prepared but without the addition of 
antiserum, to ensure that autoagglutination did not occur. 
magnetic Particles 
A range of magnetic particles was used. Magnetic goat anti-rabbit IgG 
particles (Biomag 4300, Metachem Diagnostics Ltd, Northampton) are 
irregular in shape and have a size range of between 0.5 and 1.5 ym. 
Dynabeads m450 (30 mg beads/ml, 4x 108 beads/ml, uncoated and 
anti-rabbit IgG-coated) and M280 (10 mg beads/ml, 6-7 x 108 beads/ml, 
anti-rabbit IgG; Dynal [UK) Ltd, Wirral) have a uniform size of 
4.5 pm and 2.8 pm, respectively. Polystyrene paramagnetic 
microparticles (1-2 pm, Polysciences Ltd, Northampton), magnetic 
polyacrolein/iron oxide particles (1-10 pm, Scipac, sittingbourne) 
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and polystyrene/divinylbenzene magnetic particles (0.7 pm, Sepadyn, 
Indianapolis, USA) and antibody-coated magnetic beads from the 
Salmonella Bio-EnzabeadTM screen Kit (Organon Teknika, Cambridge) 
were also used. 
Activation of M450 Dynabeads (uncoated) 
undiluted Dynabeads (M450 uncoated, 30 mg/ml) were transferred to dry 
acetone (analytical grade) by sequential washings. Step 1, water: 
acetone (V/V) 7: 3. Step 2, water: acetone (V/V) 6: 4. Step 3, water: 
acetone (V/V) 2: 8. Steps 4-7: water: acetone (V/V) 0: 10. 
At each step the Dynabeads were collected using a Magnetic Particle 
Concentrator (MPC-1 or MPC-6, Dynal [UK] Ltd) the supernatant 
discarded and the Dynabeads resuspended in the next water/acetone 
mixture for 5 min. After step 7 the beads were resuspended in acetone 
containing 0.75mM pyridine and 0.3mM p-toluenesulphonyl chloride/ml 
undiluted beads. After incubation at ambient temperature for 20 h 
with gentle mixing (MUltiMiX, Luckham Ltd, Burgess Hill) the beads 
were transferred to water by reversing steps 1-7. Activated beads 
were resuspended in 1mM HCL and stored at VC. 
covalent binding of goat anti-rabbit IgG and protein A to activated 
Dynabeads 
Activated Dynabeads stored in 1mM HCL were washed once in sterile 
distilled water. Goat anti-rabbit IgG (sigma) or staphylococcal 
protein A (sigma) were dissolved in 0.2m borate buffer, pH 9.5, to a 
concentration of 150 yg protein/ml. Equal volumes of Dynabead 
suspension and protein solution were added such that a protein to 
bead ratio of 75 pg/15 mg was achieved. After incubation at 22*C for 
24 h with gentle mixing the beads were collected and the supernatant 
discarded. The Dynabeads were washed according to the following 
schedule: 
1) Phosphate-buffered saline (PBS; 0.1M, pH 7.5) for 10 min. 
2) Ethanolamine-HCL (1M) pH 9.5 containing 0.1% m/V Tween 20 (added 
immediately before use) for 2 h. 
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3) Tris (0.05M) in 0.1 M NaCl containing 0.1% m/V bovine serum 
albumin (BSA), 0.01% m/V merthiolate, 0.1% M/V Tween 20, pH 7.5 
for approximately 12 h. 
4) Buffer as in 3) without Tween 20, for 2h. 
Protein-coated Dynabeads were resuspended in 0.05 M Tris (in 0.1 m 
Nacl + 0.1% m/V BSA, 0.01% m/v merthiolate) and stored at 4*C. 
Passive adsorption of goat anti-rabbit IgG and protein A to Dynabeads 
Equal volumes of undiluted Dynabeads (M450 uncoated) and protein 
solution (150 Mg protein/ml 0.2M borate buffer, pH 9.5) were mixed 
and incubated at 221C for 24 h with gentle mixing (Multimix). Beads 
were washed four times in PBS containing 0.1% m/V BSA. The first two 
washings were for 5 min each and the final two for 30 min each. Beads 
were resuspended in PBS/BSA containing 0.01% m/V merthiolate and 
stored at 41C. 
Primary antibody immobilisation procedures 
For coupling antibodies to Dynabeads (anti-rabbit IgG-coated M450 and 
M280), BioMag and polystyrene paramagnetic microparticles, the 
following procedure was used. undiluted particle suspension (1-ml) 
was washed four times with 1 ml 0.15M phosphate-buffered saline, 
pH 7.2 containing 0.05% V/V Tween 20 (PBS-T) using a magnetic 
particle concentrator (MPC-1 or MPC-6). Antibody solution (1 ml) was 
added to the particles and incubated at ambient temperature or 41C 
for 24 h with gentle mixing (Multimix). The particles were separated, 
washed four times with 1 ml PBS-T and incubated in 1 ml PBS-T + 
P-lactoglobulin (PLG) at ambient temperature for 60 min. The 
particles were washed a further four times with 1 ml PBS-T and stored 
at 40c in 1 ml PBS-T/PLG + 0.002% Thimerosal. control anti-rabbit 
IgG-coated M280 and M450 Dynabeads were prepared following the above 
procedure but omitting the antibody incubation step. 
Magnetic polyacrolein/iron oxide particles (1 ml) were washed three 
times with 2 ml 0.1M sodium bicarbonate buffer, pH 9.0 (SBB). 
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Antibody solution (1 ml) was added and incubated at ambient 
temperature for 24 h with gentle mixing (MUltimix). The particles 
were separated and washed twice with 2 ml SBB. Any unreacted aldehyde 
groups were blocked by suspending the particles in 1 Ml SBB + 0.05M 
ethanolamine and incubated at ambient temperature for 60 min with 
gentle mixing (Multimix). Particles were washed with 2 ml 0.1M 
acetate buffer, pH 4.0, and incubated in the same buffer at ambient 
temperature for 30 min with gentle mixing. Particles were washed 
three times with 2 ml PBS-T and stored at 40C in PBS-T/PLG + 0.002% 
Thimerosal. 
Polystyrene/divinylbenzene magnetic particles (1 ml) were washed four 
times with 0.005M borate buffer, pH 8.5, containing 0.14M potassium 
chloride. The buffer was aspirated and 6 ml 0.06M 1-ethyl-3 
(3-dimethyl-aminopropyl) carbodiimide hydrochloride was added. The 
mixture was incubated at 40C for 24 h with mixing (Multimix) and 
washed four times with the same buffer. After aspiration, anti-rabbit 
IgG (sigma) was added to the activated particles to give a final 
concentration of 3 mg protein/ml particles in PBS and allowed to 
react for 2h at 40C with mixing. The particles were washed five 
times with 0.05M glycine/sodium hydroxide buffer, pH 9, three times 
with 0.2m acetate/potassium chloride buffer, pH 5.5, and then three 
times with PBS-T. The particles were then resuspended in antibody 
solution (1 ml) and incubated at VC for 24 h with mixing (Multimix). 
The particles were washed four times with 1 ml PBS-T and incubated 
in 
PBS-T/PLG at ambient temperature for 60 min. The particles were 
further washed four times with 1 ml PBS-T and stored at 40C 
in 1 ml 
PBS-T/PLG + 0.002% Thimerosal. 
Direct epifluorescent filter technique 
A 24-h BPW culture (incubated at 37'C) of S. typhimurium NCTC 74 was 
diluted 104-fold in MRD and a 2-ml portion was filtered through a 
polycarbonate membrane filter (pore size 0.6 pm; 25 mm diameter; 
Difco, supplied by Foss Electric) situated in a membrane filter 
holder of a five-way filter manifold (sartorius, supplied by Foss 
Electric), which was connected to a vacuum line. The membrane was 
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overlaid with 2 ml of acridine orange (Difco, supplied by Foss 
Electric and reconstituted as recommended by the manufacturer). After 
30 s, a vacuum was applied and the membrane was rinsed, 
consecutively, with 2 ml of 0. lM citrate-NaOH buffer, pH 3.0 (Difco, 
supplied by Foss Electric and reconstituted as recommended by the 
manufacturer) and 1 ml of isopropanol (propan-2-ol; Fisons). The 
stained membrane was air-dried and mounted in a non-fluorescent 
immersion oil (Olympus) placed on a slide beneath a coverslip. 
Bacteria were observed using an epifluorescent microscope (Olympus 
BH2) and counted using an image analysis system (BioFoss 4010, Foss 
Electric). The 24-h culture was also enumerated by spread plating on 
PCA plates (see Chapter 3). 
Binding of pure cultures to immunomagnetic particles 
unless otherwise stated, bacteria were cultured in BPW at 370C for 
24 h. Portions (1-ml) of neat cultures or cultures diluted 1: 10 or 
1: 100 in PBS were added to 20 pl immunomagnetic particle suspension 
(or one Bio-EnzabeadTM magnetic bead) in Cryotubes (4.5 ml; Nunc; 
Gibco, Uxbridge). The internal surface of the Cryotubes had been 
pre-treated with 0.5% m/V PLG or bovine albumin solution for 60 min 
at ambient temperature to block non-specific binding. Unless stated 
otherwise, bacteria and magnetic particles were incubated at ambient 
temperature for 30 min, with mixing (multimix). Particles were washed 
four times (except Bio-EnzabeadTM magnetic beads, which were washed 
twice) with 1 ml PBS-T and the bound cells were quantified using an 
ATP assay as described below. 
ATP assay 
washed immunomagnetic particles were resuspended in 200 Ml 
trichloroacetic acid (TCA, 2% m/V), thoroughly mixed (whirlimix, 
Fisons, Loughborough) and allowed to stand for 2 min to extract 
microbial ATP. Particles were separated and 100 yl of the extract was 
added to ATP-monitoring reagent and the ATP content determined as 
described previously (Chapter 5). 
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Factors affecting binding of pure cultures 
Pre-treated Dynabeads: Anti-rabbit IgG-coated M280 Dynabeads (control 
and anti-S. typhimurium flagellin IgG-coated) were pre-coated as 
follows. Dynabead suspension (1 ml) was washed twice with PBS, the 
buffer aspirated, and resuspended in 1 ml of either rabbit serum 
(Sigma), salmonella lipopolysaccharide (Sigma; 100 mg/ml in PBS), or 
Procetyl 30 (1% m/v in PBS; chemical & Polymers Ltd, Wilton). The 
Dynabeads were incubated at ambient temperature for 2 h, with mixing 
(Multimix), washed four times with PBS and used immediately. 
Surfactants: Synperonic series surfactants A7 and NP5 (chemical & 
Polymers Ltd, Wilton) were added to cell suspensions (final 
concentration: 0.01% m/v) immediately prior to addition of Dyna-beads. 
centrifugation: Bacterial suspensions were centrifuged at 4,000 
rev/min (30 s holding time; Centaur 2 bench centrifuge, MSE 
scientific Instruments). The binding, to Dynabeads, of cells from the 
supernatants was determined after 0 (Dynabeads added to suspension 
and separated immediately), and 30-min incubations. 
separation of S. typhimurium from mixed culture 
Bacteria were cultured in BPW at 37*C for 24 h. Appropriate dilutions 
were made in PBS prior to preparation of a binary mixture containing 
S. typhimurium and another culture at levels from 5x 104 to 5x 105 
cfu/ml. Portions (1 ml) of mixed culture were added to 20 ml 
Dynabeads (M450 anti-rabbit IgG coupled to S. typhimurium flagellin 
antibody) and incubated at ambient temperature for 10 min. The beads 
were then washed as described previously. The cell concentrations 
before and after magnetic separation were determined by diluting 
(serial decimal) cells or Dynabeads in MRD and plating on XL agar 
plates (Chapter 3). 
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6.3 RESULTS 
6.3.1 Antiserum against S. typhimurium polymeric flagellin 
using a slide agglutination technique it was found that the antiserum 
reacted with six out of eight salmonella serotypes including S. 
typhimurium (Table 6-1). It did not react with the four other 
Enterobacteriaceae tested. 
Table 6.1 Reactivity of anti-S. typhimurium flagellin antiserum using 
a slide agglutination technique 
organism slide agglutination reactiona 
Salmonella typhimurium (NCTC 74) + 
Salmonella heidelberg + 
Salmonella senftenberg + 
Salmonella virchow + 
Salmonella newport 
Salmonella schwarzengrund 
Salmonella Solt 
Salmonella infantis 
Escherichia coli 
citrobacter freundii (Ex MMS) 
Hafnia alve! 
Proteus vulgaris 
a +, agglutination; -, no agglutination 
6.3.2 Binding of S. typhimurium to antibody-coated Dynabeads 
A similar degree of binding of S. typhimurium was obtained when 
either protein A or goat anti-rabbit IgG was used to link the primary 
antibody (IgG against S. typhimurium flagellin) to Dynabeads 
(Fig. 6.1). There was considerably more binding when the linker 
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molecule was covalently coupled rather than passively adsorbed to the 
surface of the Dynabeads. Covalently-coupled anti-rabbit IgG- 
Dynabeads were used for further work. 
To ascertain whether non-viable salmonellae were binding to the 
Dynabeads and therefore not being enumerated by the ATP assay, the 
total viable count was compared with a total cell count (using the 
DEFT) for a 24-h BPW culture of S. typhimurium (Tablej. 2). The colony 
count results were slightly greater (29% and 17%) than the DEFT 
counts indicating that the majority of the cells in the culture were 
viable. The DEFT count underestimate might be explained by the entry 
of some of the bacteria into the pores of the membrane. This loss of 
bacteria has been found to result in an underestimation of up to 25% 
when "cleaner" foods were analysed by the DEFT, and so the use of 
0.2- or 0.4-pm pore size filters was recommended (Pettipher, 1986). 
Table 6.2 cell enumeration of duplicate 24-h BPW cultures of 
S. typhimurium (NCTC 74) using the DEFT and a colony count method 
DEFT Colony count method 
(total clump count/ml) (Cfu/ml) 
2.45 x 109 3.47 x 109 
2.24 x 109 2.69 x 109 
6.3.3 Binding of bacteria to magnetic particles 
The binding of S. typhimurium, C. freundii and P. vulgaris to various 
magnetic particles coated with IgG raised in rabbit against S. 
typhimurium flagellin is shown in Figure 6.2. The extent of binding 
of each organism to all the particles cannot be compared directly 
because of the varying concentrations and surface areas of the 
particles used. However, in all cases, the binding of S. typhimurium 
was similar to that of C. freundii but greater than that of P. vulgaris, 
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Because of their uniform size, lack of autoagglutination, 
rapid magnetic response and availability pre-coated with primary 
antibody, Dynabeads were used for further work. 
The binding of S. typhimurium and four other Enterobacteriaceae to 
the salmonella Bio-EnzabeadTM screen Kit beads is shown in Fig. 6.3. 
All five organisms bound in very similar numbers with only about 
0.02% of the added cells binding to the beads. Due to the lack of 
evidence for any salmonella-specific binding the beads were not used 
further. 
To determine whether the cell binding was immunological, S. 
typhimurium and other members of the Enterobacteriaceae were 
incubated with antibody-coated (M450 anti-rabbit IgG + S. typhimurium 
flagellin IgG) and control M450 Dynabeads (Fig. 6.4). S. typhimurium 
showed 10% binding (of the added cells) to the antibody-coated beads 
but only 1% to the control beads. The binding of non-salmonellae to 
antibody-coated and control beads was similar in each case and ranged 
from less than 0.01% to 0.3%. After incubation with salmonella cells, 
agglutination of the magnetic particles was observed macroscopically, 
resulting from cells binding to more than one particle and forming 
aggregates (plate 6.1). 
6.3.4 Factors affecting binding of bacteria to Dynabeads 
The number of washes after the incubation of cells with magnetic 
particles was studied using several different cultures at ca 108_109 
cfu/ml. It was found that after four washes the number of bound 
cells, as determined by ATP assay, reached a minimum (Fig. 6.5) and 
therefore this r6gime was used for further work. 
The effectiveness of pre-treating cryotubes with bovine albumin 
solution was demonstrated by a 10-fold reduction in the non-specific 
binding of S. typhimurium (Fig. 6.6). Pre-treatment with a 
P-lactoglobulin solution gave a 40-fold reduction in non-specific 
binding and this treatment was used for further work. 
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Plate 6.1 S. typhimurium (NCTC 74) cells bound to antibody-coated 
Dynabeads (M450 anti-rabbit IgG + anti-S. typhimurium flagellin IgG) 
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The effect of the culture medium on the non-specific binding of 
bacteria to control Dynabeads was studied (Fig. 6.7). Non-specific 
binding of S. typhimurium cultured in M-broth, GN broth and nutrient 
broth was less (1.5-3.0 loglo fg ATP/ml) than in buffered peptone 
water. A similar effect was seen with C. freundii (ExMMS) (1-3 loglo 
fg ATP/ml) although the non-specific binding was at a greater level 
than S. typhimurium. The non-specific binding of E. coli, P. vulgaris 
and C. freundii (NCTC 6272) did not show such dramatic differences 
when cultured in the different media, the exception being P. vulgaris 
cultured in GN broth though the cell concentration was at least 1 
loglo fg ATP/ml lower than the other media. 
culturing in nitrogen-deficient medium (NDM) reduced the non-specific 
binding of S. typhimurium and two strains of C. freundii by between 
1.5 and 3 loglo cycles (Fig. 6.8). This effect was not seen with P. 
vulgaris and E. Coli. The immunological binding of S. typhimurium to 
specific antibody-coated Dynabeads was reduced from 10% in the case 
of BPW to about 1% in the case of NDM. 
The effect of growth in NDM on the reduction of non-specific binding 
of S. typhimurium and C. freundii was studied further (Fig. 6.9). 
modification of BPW to include glucose caused a reduction in 
non-specific binding, whereas omission of glucose from NDM resulted 
in an increase in cell binding. Addition of glucose (2% m/v final 
concentration) to BPW immediately prior to application of magnetic 
separation caused a similar reduction in the non-specific binding of 
S. typhimurium but did not affect C. freundii (results not shown). 
Pre-treatment of control Dynabeads with salmonella lipopolysaccharide 
or rabbit serum did not affect the non-specific binding of all the 
test organisms (Fig. 6.10). There was a slight reduction in the 
non-specific binding of C. freundii and S. typhimurium with both 
pre-treatments, although the immunological binding of S. typhimurium 
was also reduced slightly. 
The effect of several non-ionic ethoxylated and propoxylated 
surfactants on the non-specific binding of microbial cultures was 
studied. The presence of Synperonic A7 had a slight anti-adhesive 
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effect on all the organisms tested, without reducing the 
immunological binding of s. typhimurium (Fig. 6.11). Synperonic NP5, 
however, had only a slightly inhibitory effect on the binding of E. 
coli. Pre-coating the Dynabeads with Procetyl 30 had no anti-adhesive 
effect on any of the organisms. 
It was considered that much of the non-specific binding to control 
Dynabeads could have been due to the entrapment of large clumps of 
bacteria that could not be removed by the washing r6gime. A brief 
centrifugation pre-treatment was applied to a range of bacterial 
cultures prior to addition of magnetic particles (Fig. 6.12). 
Non-specific binding of these cultures after incubation (0 and 30 
min) with control Dynabeads was compared with untreated cultures. The 
increase in binding of the untreated cells over the 30-min incubation 
ranged from 0.1 loglo cycle (P. vulgaris) to 3 loglo cycles (C. 
freundii). centrifugation had the effect of reducing the number of 
bound cells which was most dramatic for c. freundii and S. 
typhimurium. The non-specific binding of centrifuged cultures 
increased over the 30-min incubation but in the case of C. freundii 
there was still 2.5 loglo cycles less bound cells than the untreated 
control culture. 
The effect of incubation time and temperature on the binding of S. 
typhimurium to antibody-coated and control Dynabeads is shown in 
Fig. 6.13. most of the immunological binding occurred within 15 min 
of incubation, with non-specific binding increasing with further 
incubation. Increasing the incubation temperature to 370C did not 
significantly increase the immunological binding, although it did 
increase non-specific binding. Hence, as a compromise, an incubation 
time of 10 min at ambient temperature was chosen for further work to 
maximise immunological binding and to minimise non-specific binding. 
6.3.5 Separation of S. typhimurium from mixed cultures 
Antibody-coated Dynabeads were used to separate S. typhimurium from 
binary mixtures containing other members of the Enterobacteriaceae, 
and assessed using a colony count method (Table 6.3). s. typhimurium 
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was enriched from 3 to over 2,700-fold depending on the competitor 
organism. Two examples are shown in Plate 6.2. In some cases the 
minority organism was so outnumbered that a colony count could not be 
obtained. 
Table 6.3 Separation of S. typhimurium (NCTC 74) from mixed cultures 
using immunoDynabeads (M450 anti-rabbit IgG + anti-S. typhimurium 
flagellin IgG) 
Ratio of Salmonella : competitorl 
Competitor Enrichment 
Before separation After separation (-fold) 
<1 : 56 1 10 >5 
17 >8 
E. Coli 
1 : 60 1 1.8 33 
1 1.5 40 
1 : 457 1: 23 20 
1: 29 16 
P. vulgaris 
1 >34 :1 >34 
20 :1 20 
1 : 36 27 :1 972 
57 :1 2052 
Y. enterocolitica 
1 : 69 >20 :1 >1380 
>40 :1 >2760 
1 5 61 30 
C. freundii 71 35 
(NCTC 6272) 
1 350 1 74 5 
1 113 3 
1 each separation was performed in duplicate on two occasions 
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D. -Ii- 
a. Mixed culture containing S. typhimurium (black colonies) and 
E. coli (yellow colonies) 
b. Mixed culture containing S. typhimurium (black colonies) and 
Y. enterocolitica (yellow colonies) 
Plate 6.2 Enrichment of S. typhimurium (NCTc 74) from mixed culture 
before (left-hand plate) and after (right-hand plate) separation 
using antibody-coated Dynabeads (M450 anti-rabbit IgG + 
anti-S. typhimurium f lagellin IgG) on XL agar plates 
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6.4 DISCUSSION 
The antiserum, raised against repolymerised flagellin from s. 
typhimurium reacted with viable S. typhimurium cells and five out of 
seven other Salmonella serotypes using a slide agglutination 
technique (Table 6.1). Using a slide agglutination technique, Ibrahim 
et al. (1985a) also found that antisera raised by this method 
agglutinated one to five serotypes other than the one from which it 
was raised. This was considered to be due to the presence of common 
antigenic determinants on Salmonella flagellins and meant that a 
mixture of only ten antisera were required to detect salmonellae in 
foods using an enzyme immuncassay (Ibrahim et al., 1985c). The assay 
was capable of detecting all of the 77 different Salmonella serotypes 
tested, most of which possessed specific H antigens that differed 
from the ten antigens used to raise the antisera mixture (Ibrahim et 
al., 1986). This antisera mixture was superior to the spicer-Edwards 
Salmonella polyvalent H antisera when used in the assay and this was 
attributed to compositional and characteristic differences due to the 
different methods used for their production (Ibrahim et al., 1986). 
The mechanism for coupling the purified IgG from the anti-S. 
typhimurium flagellin antiserum to Dynabeads affected the binding of 
S. typhimurium (Fig. 6.1). A larger number of cells were captured 
when the IgG was covalently-coupled, as opposed to physically 
adsorbed, to the particle surface. There was no significance 
difference between the use of protein A and anti-rabbit IgG as linker 
molecules. Covalent coupling has been found to eliminate the problem 
of antibody desorption which can occur in ELISAs based on antibody 
adsorption to plastics (Hendry & Herrmann, 1980). 
Immunological binding of S. typhimurium to the flagellin-specific 
IgG-coated M450 Dynabeads was shown to be about 10-fold greater than 
the amount of non-specific binding (Fig. 6.4). Non-specific binding 
of salmonella to Dynabeads was also found by Bird et al. (1989) as 
indicated by the production of salmonella-typical conductance curves 
from the separated uncoated control particles. Dynabeads have been 
used to separate Staphylococcus aureus from mastitic milk samples, 
although the authors were unsure whether immunological binding or 
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non-specific adherence was dominant in the reaction (Johne et al., 
1989). 
The specificity of the anti-S. typhimurium flagellin antibody was 
shown by the lack of immunological binding of the non-salmonella 
cultures to the Dynabeads. The binding of these organisms, which, 
except for C. freundii, was 1-4 loglo cycles less than 
s. typhimurium, was due to non-specific interactions. This potential 
for Salmonella enrichment was not seen using the monoclonal antibody 
(mopc 467 and 6H4)-coated beads from the salmonella Bio-EnzabeadTM 
screen Kit (Fig. 6.3) The quantity of bound S. typhimurium cells was 
about 1,000-fold less than using Dynabeads, presumably due to the 
lower surface area-to-volume ratio of the Bio-Enzabeads. using an 
immunomodified electrical technique Bird et al. (1989) found that the 
Bio-Enzabeads lengthened salmonella detection times from mixed 
cultures by up to 11 hours. This was considered to be due to 
inefficient immobilisation and the possible toxic effect of cadmium 
contained in the beads. In this present study BiO-Enzabeads to which 
no salmonella monoclonal antibodies had been coupled were not 
available and therefore the proportions of immunological and 
non-specific binding could not be determined. Robison et al. (1983) 
could not detect whole salmonella cells bound to the wells of a 
microtitre plate using alkaline phosphatase-labelled moPC 467. Heated 
flagella extracts were required for detection using this assay. Smith 
& Jones (1983), however, found that salmonellae did not need to be 
heated to bind the MOPC 467 antibody and Mattingly & Gehle (1984) 
considered that improper coating conditions might have meant that 
bacteria were lost during washing, which would account for the 
negative results of Robison et al. (1983). 
The number of washes required to remove unbound cells from the 
Dynabeads was investigated. After four washes the level of attached 
cells reached a minimum, although with some organisms that showed a 
higher level of non-specific binding this occurred after two washes. 
A similar effect was seen with the adhesion of S. typhimurium and 
E. coli to glass (Fig. 5.2). Further washes did not reduce the level 
of Dynabead-associated ATP indicating that no more cells were 
removed. It also suggests that the ATP level per cell was unaffected 
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by the washing r6gime. washing r6gimes in other microbial adhesion 
studies, however, have caused a reduction in the cellular ATP level 
(Blackburn et al., 1989). Morgan et al. (1991) also found that at 
least four washes were required to remove unattached Pseudomonas 
putida cells from M450 Dynabeads. 
Although only S. typhimurium exhibited any immunological binding to 
the specific antibody-coated Dynabeads, this organism together with 
other Enterobacteriaceae bound non-specifically to varying extents. 
The pre-treatment of Dynabeads (M280 anti-rabbit IgG) with rabbit 
serum did not reduce non-specific binding by more than 0.5 loglo 
cycles indicating that bacterial interaction with the Fab regions of 
the anti-rabbit IgG was not the major cause of cell adhesion. It is 
possible, however, that non-specific binding was via the Fc region of 
the antibody. To obviate this binding, the preparation of Fab or 
F(abl)2 fragments of the antibody, or the chemical modification of 
the Fc region would be required (Anderson & Tomasi, 1988). The 
pre-treatment of anti-S. typhimurium flagellin IgG-coated Dynabeads 
with Salmonella lipopolysaccharide slightly reduced binding of S. 
typhimurium. Because a similar effect was seen with control 
Dynabeads, this reduction may have been due to non-specific binding 
rather than immunological binding. The possibility of antibodies 
against somatic antigens would, therefore, not appear to be 
responsible for Salmonella binding. As in this present study, Minnich 
et al. (1982) purified IgG from a polyvalent anti-Salmonella 
antiserum. to eliminate IgM which is the primary immunoglobulin class 
elicited by somatic antigens. 
It was demonstrated that the medium in which the bacteria were 
cultured affected the non-specific binding to control Dynabeads 
(Figs 6.7-6.9). culturing in a nitrogen-deficient medium (containing 
glucose, 2% m/V) reduced the non-specific binding of C. freundii and 
S. typhimurium (10-1,000-fold) compared with multiplication in 
buffered peptone water (a carbon-deficient medium). By modifying the 
formulations of the two media it was shown that the presence of 
glucose in the culture medium was the factor inhibiting bacterial 
adhesion. Marshall et al. (1971) found that the level of available 
glucose affected the adhesion of a Pseudomonas sp. to glass. At very 
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low glucose levels (7 mg/1) adsorption was stimulated compared with 
adhesion in the absence of glucose. when the level of glucose was 
increased to 14 mg/ml bacterial adsorption was lowered dramatically. 
Brown et al. (1977) also found a reduction in adhesion when bacteria 
were grown in a nitrogen-deficient medium. They observed a lot of 
glucose-containing exopolymer associated with the cells cultured in 
the nitrogen-deficient medium which they proposed may have obscured 
areas on the cell surface necessary for the attachment. The 
phenomenon of reduced bacterial adhesion associated with 
exopolysaccharide production under conditions of excess carbon was 
supported by Pringle et al. (1983) and Campbell et al. (1987). 
The addition of glucose to a buffered peptone water culture of S. 
typhimurium immediately prior to adding control Dynabeads reduced 
non-specific binding of the organism. It is possible that the glucose 
bound to sites on the cell surface that are responsible for cell 
adhesion. It has been demonstrated that the presence of lectins 
(carbohydrate-binding glycoproteins) on the surface of Streptococcus 
pneumoniae and Pseudomonas aeruginosa were responsible for adhesion 
to human lung and kidney tissue (Beuth et al., 1987). The fact that 
the non-specific binding of C. freundii was not reduced by this 
addition of glucose suggests that several factors may be involved in 
the cell adhesion to Dynabeads, an observation that has also been 
made for bacterial adhesion to polystyrene substrata (McEldowney & 
Fletcher, 1986). Although modification of the growth medium could 
improve the enrichment of salmonella using immunomagnetic particles 
it is envisaged that the technique would be applied to food 
pre-enrichment broths. The requirement for standard approved media 
and the presence of food would severely limit the control of the 
chemical composition. 
The use of non-ionic ethoxylated and propoxylated surfactants did not 
have the effect of reducing non-specific binding to control Dynabeads 
of all the organisms studied, though some surfactants had a slight 
inhibitory effect on specific organisms. using these surfactants 
Humphries et al. (1987a) reduced the adhesion of a Pseudomonas sp. 
and Serratia marcescens to hydrophobic surfaces by up to 99.9%. The 
Synperonic A and NP series were most effective in the presence of the 
-114- 
bacterial suspension, while the Procetyl series had the largest 
anti-adhesive effect when pre-coated on to the surface. Humphries et 
al. (1987b) reduced the adhesion of these organisms to hydrophilic 
surfaces by adsorbing graft copolymers (of polyethylene glycol 
side-chains and either uncharged, acid, basic or amphoteric 
backbones) to the surface. They obtained an anti-adhesive effect of 
up to 99%. Morgan et al. (1991) studied the effect of surfactants on 
the non-specific binding of Ps. putida to M450 Dynabeads. They found 
that non-specific binding was reduced the most using Nonidet P-40 in 
the incubation and wash buffer, although a 30-min exposure led to a 
reduction in cell survival of 50%. 
The inhibitory effect on bacterial adhesion (90-97%) by pre-coating 
the surface of cryotubes with protein was demonstrated (Fig. 6.6). 
Fletcher & Marshall (1982) found that adsorbed proteins reduced the 
adhesion of a Pseudomonas sp. to hydrophobic and hydrophilic surfaces 
by 80-100%. The authors found that dissolved proteins reduced 
adhesion by 0-41% while Fletcher (1976) reduced adhesion (55%) by 
pre-treating the bacteria with bovine serum albumin. Morgan et al. 
(1991) showed that the inclusion of bovine serum albumin in the cell 
incubation and wash buffer caused agglutination of M450 Dynabeads and 
led to a high level of non-specific binding. Salmonella antibody- 
coated Dynabeads were pre-treated with protein prior to use but due 
to the occurrence of non-specific binding it is likely that 
additional anti-adhesive methods would be required. 
A brief centrifugation treatment reduced the non-specific binding of 
C. freundii to control Dynabeads (Fig. 6.12) with no incubation (i. e. 
immediate magnetic separation). This suggests that much of the ATP 
associated with the Dynabeads was due to the entrapment of large 
clumps of bacteria that were not removed by the washing procedure, 
but were removed by centrifugation. The fact that the Dynabead- 
associated ATP from C. freundii increased over the 30-min incubation 
suggests that there was, however, an underlying level of non-specific 
binding. stone & Fryer (1984) used an ultrasonic cleaning unit to 
disrupt bacterial clumps in refrigerated raw milk which resulted in 
significantly increased colony counts compared with untreated 
controls. The authors found that if the sonication was extended to 30 
-115- 
min, however, a reduction in the colony counts was obtained which was 
presumed to be due to cell disruption. Hall et al. (1976) used 0.05% 
Tween 80 to prevent cell aggregation to improve the recovery of S. 
typhimurium and E. coli from a DEAE-cellulose column. cell entrapment 
by Dynabeads may also be reduced by maintaining the particles in a 
dilute suspension throughout the isolation and subsequent washings 
which has been claimed to reduce non-specific binding (Howell et al., 
1984). Diluting the particles during cell capture, however, may 
reduce the kinetics of antigen-antibody reaction leading to a longer 
incubation period or a reduction in separation efficiency. 
In an attempt to prevent biofouling Sharma et al. (1985) used 
polyelectrolytes, which adsorb irreversibly to the cell wall and 
increase the net negative bacterial charge, in order to decrease 
adsorption of bacteria to sand contained in sandpack columns. one of 
the factors attributed to the increase in bacterial transportability 
was their deflocculation due to the higher cell surface charge. It is 
possible that these electrolytes could reduce the association of 
non-salmonellae to Dynabeads by inhibiting bacterial adhesion and the 
dispersing of bacterial clumps. 
Most of the immunological binding of high levels of S. typhimurium to 
Dynabeads occurred within the first minute with non-specific binding 
increasing, as a proportion of the bound cells, over the 60-min 
incubation period (Fig. 6.13). A 37*C incubation did not 
significantly increase immunological binding but did increase the 
non-specific interactions. Fletcher (1977) found that the attachment 
of a marine pseudomonad to polystyrene was influenced by several 
factors including the length of time allowed for interaction and the 
temperature. Stationary phase cells, which showed a slower rate of 
adhesion than exponential phase cells, saturated the surface after 
3.5 to 4h and reducing the temperature from 200C to 3*C noticeably 
decreased the proportion of attached cells. Although most of the 
immunological binding of S. typhimurium to Dynabeads occurred 
rapidly, the cell-particle interactions would be expected to be less 
frequent with lower cell concentrations and hence a 10-min, ambient 
temperature incubation was chosen to maximise this and to minimise 
non-specific interactions. A 10-min incubation at room temperature 
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has also been used for the separation of K88+ E. coli (Lund et al., 
1988) and 15 min at 20*C has been used for the immunocapture of 
Ps. putida (Morgan et al., 1991). Longer incubations (30-150 min) at 
40c have been used for the immunomagnetic separation of Staph. aureus 
(Johne et al., 1989) and mammalian cells (Kvalheim. et al., 1989; 
ossendorp et al., 1989). Skjerve et al. (1990) used a 60-min 
incubation time to maximise the recovery of Listeria monocytogenes 
using immunoDynabeads. 
The degree of enrichment of S. typhimurium (3 to >2,700-fold) from 
mixed cultures using immunoDynabeads was dependent on the organism 
and the initial inoculum ratio (Table 6.1). Lund et al. (1988) 
obtained values for K88+ E. coli (at least 190-fold) that fall within 
this range. They also found that the extent of enrichment depended 
upon the initial cell concentration and that cell-particle 
aggregation could result in an underestimation of the colony count. 
6.5 SUMMARY 
Antiserum was raised in rabbits against repolymerised flagellin from 
S. typhimurium. using a slide agglutination technique the antiserum 
was found to react with six out of eight Salmonella serotypes, 
including S. typhimurium, but not with the four non-salmonellae 
tested. The IgG fraction of the antiserum was purified and coupled to 
a range of magnetic particles. Binding of cells to the immunomagnetic 
particles was quantified using a bioluminescence technique. Based on 
the results obtained, Dynabeads were selected for further study and 
immunological binding of S. typhimurium was demonstrated. 
Various factors affecting bacterial binding to Dynabeads were 
studied. Four washes following the incubation of cells with Dynabeads 
was found to be sufficient to remove unbound organisms. The bacterial 
culture medium affected the extent of non-specific binding. Growth in 
a nitrogen-deficient medium, compared with buffered peptone water, 
significantly reduced the non-specific binding of S. typhimurium and 
two strains of C. freundii. The presence of glucose in the medium was 
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shown to cause the inhibition. Pre-treatment of Dynabeads with 
Salmonella lipopolysaccharide and rabbit serum and addition of a 
range of non-ionic surfactants to the bacterial cultures did not 
significantly reduce non-specific binding. 
A brief centrifugation treatment of the bacterial cultures prior to 
the addition of Dynabeads was used. The non-specific binding of 
c. freundii was found to be considerably reduced. The time and 
temperature of incubation of S. typhimurium with Dynabeads was 
studied and a 10-min incubation at ambient temperature was selected 
to maximise immunological binding and to minimise non-specific 
interactions. 
Antibody-coated Dynabeads were used to separate S. typhimurium from 
binary mixtures containing other members of the Enterobacteriaceae, 
and assessed using a colony count method. S. typhimurium was enriched 
from 3 to over 2,700-fold depending on the competitor organism. 
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SEPARATION AND DETECTION OF SALMONELLA FROM FOODS USING 
IMMUNODYNABEADS 
7.1 INTRODUCTION 
Immunomagnetic particles have been used for the separation of 
pathogenic bacteria from foods. Staphylococcus aureus was separated 
from milk samples (Johne et al., 1989) and Listeria monocytogenes was 
separated from ham and cheese pre-enrichment broths (Skjerve et al., 
1990). Bird et al. (1989) used immunomagnetic particles to separate 
salmonella from pre-enrichment broths and detected the bound 
organisms by conductance measurement. Patel (1984) used antibody- 
coated magnetic gel to separate S. typhimurium from mixed cultures, 
but failed to enrich the target organism from a 24-h, artificially 
contaminated, cocoa powder pre-enrichment broth culture. 
Similar Salmonella enrichment results from mixed cultures, to those 
of Patel (1984), have been obtained (chapter 5). It was found that 
much, if not all, of this enrichment could be attributed to 
non-specific cell binding to the internal surface of the glass vial 
in which the separation was undertaken- An alternative anti- 
salmonella antibody-coated magnetic particle system was developed 
(Chapter 6). The antibody, raised against repolymerised flagellin 
from S. typhimurium, reacted with only six out of eight salmonella 
serotypes and therefore a more widely reactive antibody was 
considered necessary prior to application to foods. 
The aims of this present study were to screen a range of commercially 
available antibodies against salmonella coupled to Dynabeads; to 
optimise the separation technique using this antibody-particle 
system, and to apply it to the separation of salmonella from foods. 
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7.2 MATERIALS AND METHODS 
Antisera 
commercially available antisera, raised in rabbits, against 
salmonella, included polyvalent phase 1 and 2 (Difco, East Molesey), 
polyvalent phase 1 and 2 (Wellcome Diagnostics, Dartford) and 
omnivalent and polyvalent III (Behring Diagnostics, Hounslow). 
Additionally, goat antibodies against Salmonella common structural 
antigen (BacTrace CSA-1; Kirkegaard and Perry Laboratories [KPL] 
Inc., USA), biotinylated as described below, were also used. 
Biotinylation of antibody 
BaCTrace CSA-1 (1 mg) was reconstituted in 2 ml 0.15M phosphate 
buffered saline, pH 7.3 (PBS, Oxoid) and 1 ml glycerol and any 
undissolved matter was removed by centrifugation at 4,000 rev/min for 
5 min (centaur 2, MSE scientific Instruments, Crawley). An aliquot 
(100 pl) of N-hydroxysuccinimidobiotin (sigma), reconstituted in 
N, N-dimethylformamide (25 mg/ml), was added to the antibody solution 
and incubated at ambient temperature for 24 h with gentle mixing 
(Multimix, Luckham Ltd, Burgess Hill). The biotinylated antibody 
solution was dialysed against 21 PBS at 40C for 48 h with a change 
of buffer after 24 h. Any particulate matter in the solution 
recovered from the dialysis tube was removed by centrifugation at 
4,000 rev/min for 5 min (Centaur 2) and the supernatant stored at 40C 
for a maximum period of 24 h. This biotinylation procedure was 
repeated using 3 ml polyvalent salmonella antisera phase 1 and 2 
(Wellcome Diagnotics, Dartford). 
Confirmation of antibody biotinylation by ELISA 
Biotinylated antibody solution was diluted (serial decimal) in PBS 
and portions (100 pl) were added to wells of a flexible PVC 
microtitre plate (Dynatech Laboratories Ltd, Billingshurst) and 
incubated at 300C for 1h with gentle shaking (shaker-Incubator, 
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Dynatech Laboratories Ltd). Control wells containing 100 Ml PBS 
instead of the antibody solution were also included. 
The wells were washed six times with PBS + 0.05% V/V Tween 20 (PBS-T) 
and 200 Ml of 0.05% P-lactoglobulin (PLG) in PBS-T was added to each 
well. After incubation at 30*C for 30 min with shaking the wells were 
washed six times with PBS-T. 
Extravidin-alkaline phosphatase conjugate (sigma) diluted 1: 5000 and 
1: 15000 in PBS-T (100 pl) was added to the wells. The plate was 
incubated at 300C for 60 min with shaking and the wells washed six 
times with PBS-T. 
Alkaline phosphatase substrate (100 pl; p-NPP, KPL Inc), prepared 
according to the manufacturer, s instructions, was added to the wells. 
After incubation at 300C for 15 min with shaking the reaction was 
stopped by the addition of 100 Ml of 5% EDTA solution to each well. 
The absorbance of the coloured product was measured at 410 nm using a 
MicroELISA Minireader MR 590 (Dynatech Laboratories Ltd). 
Immobilisation of biotinylated primary antibody 
Biotinylated BaCTrace CSA-1 antibody was coupled to streptavidin- 
coated M280 Dynabeads (Dynal [UK] Ltd, wirral; 10mg beads/ml, 6-7 x 
108 beads/ml) by the procedure used for the immobilisation of primary 
antibody to anti-rabbit IgG-coated M450 and M280 Dynabeads (Chapter 
6). The control streptavidin-coated m280 Dynabeads were blocked with 
biotin using this procedure, except that the beads were incubated 
with biotin (1 mg/ml in PBS) instead of the antibody solution. 
Separation and detection of S. enteritidis from egg yolk 
S. enteritidis (NCTC 5188) was cultured in BPW at 37'C for 24 h and 
diluted (serial decimal) in PBS. Portions (1-ml) of appropriate 
dilutions were added to 9-ml volumes of egg yolk diluted in 1: 10 
PBS-T. Portions (20-pl) of Salmonella antibody-coupled Dynabeads 
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(BacTrace CSA-1 coupled to M280 streptavidin) and control Dynabeads 
(M280 streptavidin blocked with 1 mg/ml biotin) were added to 1-ml 
portions of artificially contaminated egg yolk and incubated at 
ambient temperature for 10 min with mixing (Multimix). Dynabeads were 
separated, washed four times with ca 1 ml PBS-T and the ATP of bound 
cells determined as described previously (chapter 6). 
Effect of Dynabead concentration and volume of cell suspension on 
Salmonella separation 
Pure cultures of salmonellae (cultured in BPW at 370C for 24 h) were 
diluted 106-fold in sterile BPW. ImmunoDynabeads (M280 streptavidin + 
biotinylated BacTrace CSA-1) and control Dynabeads (0.01,0.05,0.1, 
0.2,0.5, and 1.0 mg) were added to salmonella suspensions (1,5 and 
10 ml) in either Cryotubes (4.5 ml, Nunc, Gibco) or polystyrene test 
tubes (100 mm x 16 mm; Sterilin, Hounslow). After 10 min incubation 
at ambient temperature with gentle mixing (Multimix) the Dynabeads 
were washed four times with ca 1 ml PBS-T and resuspended in 1 ml 
PBS-T. The suspension was diluted (serial decimal) in PBs and the 
bound cells enumerated by spreading the Dynabead suspension (100 pl) 
on XL agar plates (Chapter 3). All separations were repeated on 
another occasion. 
Immunomagnetic separation and inoculation of Bactometer 
A mixed culture was prepared from 1 ml of the appropriate dilutions 
of 24-h BPW cultures of S. enteritidis (NCTC 5188) and E. cloacae and 
8 ml MRD, to give a final preparation containing 5x 104 cfu/m, S. 
enteritidis and 1x 107 cfu/m, E. cloacae, as determined by spread 
plating on XL plates (Chapter 3). Pure-culture suspensions of S. 
enteritidis (5 x 104 & ca 1x 105 cfu/ml), S. typhimurium (11 505, ca 
1x 10S cfu/ml) and E. cloacae (I x 107 cfu/ml) were also prepared. 
An aliquot (50 pl) of immunoDynabead suspension was added to 5 ml of 
a pure or a mixed bacterial suspension and incubated, separated and 
washed as described previously. The beads were resuspended in 100 Pl 
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mRD and transferred to a well of a Bactometer module containing 
0.9 ml of either BPW or MLD. Where appropriate, the procedure was 
repeated using control Dynabeads. Portions (100 pl) of the 
unseparated bacterial suspensions were also added to media-containing 
Bactometer wells. The modules were incubated at 370C for 24 h in a 
Bactometer M-128 linked to a Nerve Centre II processor (bioM6rieux, 
Basingstoke). 
Foods 
The following processed foods; skimmed milk powder, cocoa powder, egg 
powder and cooked chilled chicken: and raw foods; prawns, pork and 
chicken were purchased locally and stored, where appropriate, at 4*C 
for up to 72 h. 
Preparation of food samples 
Samples (25-g) of foods were added to 225-ml volumes of pre- 
enrichment medium. Egg powder, cooked chilled chicken, prawns, pork 
and chicken were added to BPW; skimmed milk powder was added to 
distilled water containing 0.002% m/V brilliant green; and cocoa 
powder was added to UHT skimmed milk containing 0.002% m/V brilliant 
green. The powder samples were swirled to mix, whereas the flesh 
foods were homogenised for 1 min using a Colworth stomacher (A. J. 
Seward Ltd, Blackfriars, London). 
Inoculation of food samples with Salmonella 
Each processed food sample was inoculated with 1 gelatin capsule 
containing spray-dried milk artificially contaminated with S. 
typhimurium 11 505 (Beckers et al., 1985). Each capsule contained 
about 5 salmonellae and took about 1h to disintegrate in a 
pre-enrichment broth (Paul in, t veld, RIVM, Bilthoven, personal 
communication). 
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Raw food samples were inoculated with low (<10 cfu/25 g food) and 
high (10-100 cfu/25 g food) levels of S. enteritidis and S. 
typhimurium as follows. salmonellae were cultured in BPW at 37*C for 
24 h and diluted (serial decimal) in MRD. Duplicate 0.5-ml or 1-ml 
portions of appropriate dilutions were added to the food homogenates. 
In addition, the concentration of Salmonella cells in the inoculum 
that was added to the food samples was determined by pour plate 
technique using PCA (chapter 3). 
Standard streaking technique 
To assess, semi-quantitatively, the enrichment of salmonella from 
food enrichment broth cultures using immunoDynabeads, all agar plates 
were streaked using a standard technique (Anon, 1987; Fig. 7.1). 
Plates were scored from 1+ to 5+ depending on which sector most 
Salmonella and non-salmonella colonies occurred. 
Detection of salmonella in foods - Conventional cultural method 
Food pre-enrichment broths prepared as described previously were 
incubated at 370C for 24 h. One-ml and 10-ml portions of each broth 
were added to 100 ml RV broth and 90 ml SC broth, respectively. The 
selective broths were incubated at 420C (RV) and 370C (SC) for 24 h 
prior to streaking on to XLD and BSA plates using the standard 
streaking technique described previously. The XLD and BSA plates were 
incubated at 370C for 24 and 48 h respectively. The extent of growth 
was assessed as described previously and, where necessary, up to 
three suspect salmonella colonies per plate were confirmed 
biochemically (API 20E, biomdrieux, Basingstoke). Presumptive 
Salmonella-positive cultures were serotyped using 0 and H antisera 
(Wellcome Diagnostics). If necessary, suspect growth was restreaked 
on XLD agar plates and incubated at 371C for 24 h prior to further 
confirmation. 
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Fig. 7.1 Standard streaking method to estimate the enrichment 
of Salmonella (+ to 5+ indicates sector in which most 
isolated colonies occurred) 
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Detection of Salmonella in foods - Immunomagnetic separation and 
streaking technique 
Immunomagnetic particle separation was applied at various stages of 
the conventional cultural method. Portions (20-ml) from 6-h and 24-h 
pre-enrichment broths and from 24-h selective enrichment broths were 
removed and the pH determined. If necessary, the pH was raised to 
between 6.5 and 7.5 using sterile 1M or 5M NaOH. Owing to 
precipitation caused by the addition of NaOH, the pH of the RV broths 
was not altered. 
Each broth (10-ml) was centrifuged at 4,000 rev/min (no holding time; 
centaur 2, MSE Scientific Instruments) and 5 ml of the supernatant 
were added to 50 pl of immunoDynabead suspension in a polystyrene 
test tube. The test tube was incubated at ambient temperature for 
10 min with gentle mixing. The immunoDynabeads were separated and 
washed four times with PBS-T and resuspended in 50 pl PBS-T. The 
suspension was streaked on to XLD and BSA agar plates using the 
standard technique described previously. As controls, portions of all 
the broths, not treated with immunoDynabeads, were also streaked. 
Plates were incubated, growth assessed, and presumptive salmonella 
colonies confirmed as previously described. 
7.3 RESULTS 
7.3.1 Bacterial binding to various anti-salmonella antibody-coated 
Dynabead preparations 
A comparison of the binding of S. typhimurium and a range of other 
organisms to two sizes of Dynabeads (M450 and m280) coated with 
anti-S. typhimurium flagellin IgG is shown in Fig. 7.2. A similar 
pattern of binding was seen between M280 and M450 Dynabeads with S. 
aureus giving the greatest degree of non-specific binding and Y. 
enterocolitica the least in each case. Due to their smaller size and 
therefore greater surface area to volume ratio M280 Dynabeads were 
used in further work. 
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Four commercially available polyvalent salmonella antisera were 
coupled to M280 Dynabeads. Three of these, raised in rabbit, were 
coupled to anti-rabbit IgG Dynabeads. BacTrace CSA-1, raised in goat, 
was biotinylated and coupled to streptavidin Dynabeads. Figure 7.3 
shows results from the titration of biotinylated salmonella antibody 
against Extravidin-alkaline phosphatase conjugate. There was a linear 
relationship between the amount of antibody bound to the microtitre 
wells (range 1: 100 to 1: 10,000 dilution) and the corresponding 
increase in absorbance due to the avidin-enzyme conjugate. The 
control wells gave minimal absorbance readings, indicating negligible 
non-specific binding of the avidin-enzyme conjugate. 
The four anti-salmonella Dynabead preparations were screened against 
three salmonella serotypes. BacTrace CSA-1 antibody-coated Dynabeads 
gave the greatest binding of all three serotypes (Fig. 7.4). That 
this increased binding by BacTrace CSA-1 antibody (particularly to S. 
enteritidis and S. newport) was due to immunological binding is shown 
by the very similar levels of non-specific binding of corresponding 
salmonella serotypes to both anti-rabbit IgG and streptavidin-coated 
control Dynabeads (Fig. 7.5). It was considered possible that the 
enhanced binding of Salmonella to CSA-1 antibody-coated Dynabeads was 
due to the avidin-biotin coupling procedure. However, when polyvalent 
H phase 1 and 2 antiserum. (Wellcome) was biotinylated and coupled to 
streptavidin Dynabeads the binding of three salmonella serotypes was 
still much lower than to BacTrace CSA-1-Dynabeads (Fig. 7.6). 
The binding of S. typhimurium and a range of non-salmonellae to 
BacTrace CSA-1-coated Dynabeads was compared with anti-S. typhimurium 
flagellin IgG-coated Dynabeads (Fig. 7.7). The pattern of binding 
between particles was similar except that the binding of Staph. 
aureus was about 1.5 loglo cycles lower to the BacTrace CSA-1-coated 
Dynabeads. BacTrace CSA-1-coupled streptavidin M280 Dynabeads were 
used for further work. 
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Fig. 7.4 Binding of salmonellae to M280 Dynabeads (anti-rabbit IgG or 
streptavidin) coated with a range of antibodies against Salmonella 
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Fig. 7.5 Non-specific binding of salmonellae to control M280 Dynabeads 
(results from two separate occasions) 
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Fig. 7.6 Binding of salmonellae to M280 steptavidin Dynabeads coated 
with biotinylated antibodies against Salmonella (results from 
two separate occasions) 
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Fig. 7.7 Comparison of the binding of organisms to M280 Dynabeads coated 
anti-S. typhimurium flagellin IgG or BacTrace CSA-l antibodies 
BacTrace CSA-I Wellcome Control 
Salmonella antibody 
S tAW*Mrtfn E cok Y dw7tovwfitics 10 -ig-ls 
a frailak, 
(NCTC 74) (NCTC 6272) 
-13 1- 
7.3.2 Separation and detection of S. enteritidis from artificially 
contaminated egg yolk 
The binding of pure cultures of S. enteritidis NCTC 5188 and two 
strains of S. enteritidis phage type 4 to BacTrace CSA-1-coated 
Dynabeads was similar (Fig. 7.8). In each case cells bound to the 
antibody-coated Dynabeads in greater numbers (>3 loglo cycles) than 
to the control Dynabeads. 
S. enteritidis NCTC 5188 was separated from artificially contaminated 
egg yolk using BacTrace CSA-1-coated Dynabeads and detected with an 
ATP assay down to about 1x 105 cfu/g (Fig. 7.9). The immunological 
binding was more than 1 loglo cycle greater than the non-specific 
binding at concentrations of 7.1 and 8.1 loglo cfu/g. After 
immunomagnetic separation the non-microbial ATP from the egg yolk was 
reduced from about 7.5 loglo fg ATP/g to below the limit of 
sensitivity of the bioluminescence assay (<4.2 loglo fg ATP/g). 
7.3.3 Optimisation of physical factors affecting the binding of 
Salmonella to immunoDynabeads 
The effect of immunoDynabead (M280 streptavidin + BacTrace CSA-1) 
quantity and volume of cell suspension on the binding of three 
salmonella serotypes is shown in Fig. 7.10. The extent of binding 
depended on the serotype and the immunoDynabead concentration. The 
binding of S. enteritidis (Fig. 7.10a) was greater than that of both 
S. typhimurium (Fig. 7.10b) and S. senftenberg (Fig. 7.10c). 
Increasing the quantity of immunoDynabeads resulted in an increase in 
cell binding, which was significant at lower bead concentrations 
(50.2 mg). in all cases, only a minimal increase in binding was 
obtained with an immunoDynabead concentration of more than 0.5 mg. 
Use of a 5-ml cell suspension resulted in more cells binding to 
immunoDynabeads (0.5 mg) than use of a 1-mi volume. At the same bead 
concentration there was no significant difference in the number of 
cells bound when using 5 or 10-ml cell suspensions. Therefore, a 
quantity of 0.5 mg immunoDynabeads added to a 5-ml volume was 
Antibody-coated Dynabeads 
Control Dynaboads 
Added coils 
a 
7 
12- 
CY) 
.2 
c: 
Z 
0 
CO 
3 
Fig. 7.8 Binding of strains of S. enteritidis to antibody-coated Dynabeads 
(M280 streptavidin + BacTrace CSA-1) and control Dynabeads 
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Fig. 7.9 Detection of S. enteritidis (NCTC 5188) in artificially 
contaminated egg yolk using an immunoDynabead 
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considered as the optimum for salmonella binding. This concentration 
of beads was used in the rest of the study. Control Dynabeads did not 
show any non-specific binding except in the case of S. senftenberg in 
which the binding was approximately 60-fold lower than the 
immunological binding. 
using 0.5 mg immunoDynabeads to separate salmonellae from a5 ml 
volume the effect of incubation time on the binding of low numbers of 
pure cultures of S. enteritidis and S. typhimurium was assessed 
(Fig. 7.11). Immunological binding increased over the 30-min 
incubation period but most occurred within the first 10-15 min. 
Non-specific binding was only detected after incubation times of 15 
and 30 min. As a compromise between maximum immunological binding and 
minimum non-specific binding, the use of a 10-min incubation was 
continued for further experiments. 
7.3.4 Immunomagnetic separation of salmonella and detection using 
conductance measurements 
After separation and concentration of pure cultures of S. enteritidis 
(ca 1x 105 cfu/ml) and S. typhimurium (ca 1x 105 cfu/ml) using 
immunoDynabeads (M280 Dynabeads + BacTrace CSA-1) the bound organisms 
were detected (3.8 h and 3.7 h respectively) by conductance 
measurements in BPW (Fig. 7.12). cells bound non-specifically to 
control beads produced longer detection times of 6.1 h and 5.3 h for 
S. enteritidis and S. typhimurium respectively. 
Figure 7.13a shows the conductance responses in MLD of pure cultures 
of S. enteritidis (5 x 104 cfu/ml) and E. cloacae (i x 107 cfu/ml). A 
reduction in the detection time of S. enteritidis from 6.8 h to 3.6 h 
was achieved following immunomagnetic separation compared with direct 
inoculation into the Bactometer wells with loo pi of the same 
suspension. Immunomagnetic separation of E. cloacae resulted in a 
steady conductance baseline for longer than that from the untreated 
inoculum. Although the separation technique gave a detection time, 
which was not registered by the computer software, the magnitude of 
the conductance change was similar to that of the direct inoculum. 
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Fig. 7.13 Conductance curves in MLD of pure and mixed suspensions 
of S. enteritidis (NCTC 5188) and E. cloacae before and after 
immunoDynabead separation 
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Figure 7.13b shows the conductance curves in MLD for a mixed inoculum 
containing S. enteritidis (5 x 104 cfu/ml) and E. cloacae (1 x 107 
cfu/ml) before and after immunomagnetic separation. Despite the 
presence of 5x 104 cfu/m, of S. enteritidis the untreated mixed 
suspension did not give a detection time within 20 h. After 
immunomagnetic separation, a detection time of 3.6 h was registered 
with a 12% change in conductance after 12 h incubation. Following 
24 h incubation of the separated suspensions in the Bactometer, the 
differential cell counts for S. enteritidis and E. cloacae were 
6.0 x 107 and 6.8 x 107 cfu/ml respectively. 
7.3.5 Separation and detection of salmonella in foods using an 
immunoDynabead streaking technique 
Processed foods 
The pH of the four 24-h pre-enrichment broths ranged from 5.8 - 6.4 
and one of the SC broths (cooked chilled chicken) was pH 6.3, and 
these were all adjusted to pH 6.5-7.5 prior to magnetic separation. 
The Rv broths ranged from pH 5.3-5.9 but due to the formation of a 
precipitate with the addition of sodium hydroxide the pH was not 
adjusted prior to immunomagnetic separation. 
No salmonellae were isolated after 6h incubation of pre-enrichment 
broths (Table 7.1). After 24 h pre-enrichment, Salmonella was 
isolated from all four foods by both immunomagnetic separation and 
control streaking. For egg powder and cooked chilled chicken, pure 
cultures of Salmonella were obtained on the agar plates with little 
difference in the extent of growth and isolation observed between the 
immunomagnetic separation and control streaking (Appendix I). 
However, for cocoa powder (Plate 7.1a) and skimmed milk powder (Plate 
7.1b) there was an enrichment of Salmonella after immunomagnetic 
separation and streaking on XLD (Appendix I). 
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Table 7.1 Detection of S. typhimurium (11 505) in artificially 
contaminated processed foods using an immunoDynabead streaking 
technique 
cultural procedure 
Food 6h PE 24 h PE 24 h PE/24 h SE 
C ms C ms C ms 
skimmed milk powder + + + + 
cocoa powder + + + + 
Egg powder + + + + 
cooked chilled chicken + + + + 
Total samples positive 04 4 4 4 
PE, Pre-enrichment; SE, Selective enrichment; C, Control, standard 
streaking; MS, magnetic separation, streaking of Dynabeads; 
Salmonella isolated; -, no salmonellae isolated 
After selective enrichment, salmonella was isolated from all foods 
(Table 7.1). In most cases, there was distinct enrichment of 
salmonellae after immunomagnetic separation as judged by the 
isolation of colonies in a later sector using the standard streaking 
technique (Appendix I). No competitor colonies were seen on any of 
the BSA plates. This was probably due to the selectivity of the 
medium, or the greater difficulty of colony differentiation as 
compared with XLD- All Salmonella isolates were confirmed 
serologically to be S. typhimurium. 
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Plate 7.1 ImmunoDyna-bead separation (right-hand plate) and control 
streaking (left-hand plate) from 24-h processed food pre-enrichment 
broths on to XLD agar plates 
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Raw foods 
The pH values of all the 6 and 24 h pre-enrichment broths were 
between 6.5 and 7.5. only two Sc broths (pork, S. typhimurium low and 
high inocula; pH 6-1) required pH neutralisation. All Rv broths 
ranged between 5.2 and 5.7. 
Application of the immunomagnetiC separation technique to selective 
enrichment broths gave 13 Salmonella-POBitive samples compared with 
11 by the conventional cultural method (Table 7.2). unlike the 
conventional cultural method, immunomagnetic separation resulted in 
isolation of salmonella from the prawn sample inoculated with a low 
level of S. enteritidis, and the uninoculated chicken sample 
naturally contaminated with S. enteritidis (Plate 7.2, Appendix IV). 
In most cases, dramatic enrichment of Salmonella was noted following 
immunomagnetiC separation (Plate 7.3, Appendices II and III). on some 
occasions this improvement of the salmonella to competitor ratio 
meant that isolated salmonella colonies were obtained after 
immunomagnetiC separation, whereas in the case of the conventional 
cultural method, reBtreaking was necessary (Plate 7.3b). more 
isolations were made from RV broths than from SC broths, although 
enrichment of S. enteritidis using immunomagnetic separation was 
obtained from both broths (Appendix III). S. typhimurium, however, 
was not isolated from SC broth using either streaking technique 
(Appendix II). 
After 6h pre-enrichment, 9 samples were positive using 
immunomagnetic separation while only 3 were positive by control 
streaking (Table 7.2). compared with the total salmonella-positive 
samples obtained after immunomagnetic separation from selective 
enrichment broths the false-negative rate was 31% for the separation 
technique compared with 77% for the control streaking. on several 
occasions the Salmonella colonies were not well isolated and required 
restreaking prior to biochemical confirmation. 
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Table 7.2 Detection of Salmonella in artificially contaminated raw 
foods using an immunoDynabead streaking technique 
cultural procedure 
Salmonella 
Food inoculum 
6h PE 24 h PE 24 h PE/24 h SE 
c ms c ms c ms 
None 
S. typhimuriuml + + + 
Prawns S. typhimurium2 + + + + 
S. enteritidis' M + 
S. enteritidis2 + M + + 
None 
S. typhimuriuml + + 
Pork S. typhimurium2 + + 
S. enteritidisl M M M + + 
S. enteritidis2 + + + M + + 
None + 
S. typhimuriuml + + + 
chicken S. typhimurium2 + M M + + 
S. enteritidis' M + + 
S. enteritidis2 + + + M + + 
Total samples positive 3 9 4 8 
11 13 
1 Inoculum level 2-8 cfu/25 g; 
2 Inoculum level 29-74 c fu/25 g; 
() Salmonella colonies required restreaking to isolate prior 
to 
biochemical/serological confirmation; for other symbols see 
legend, 
Table 7.1 
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Plate 7.2 ImmunoDynabead separation (right-hand plate) and control 
streaking (left-hand plate) from a naturally contaminated chicken RV 
broth on to XLD agar plates 
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Plate 7.3 ImmunoDynabead separation (right-hand plate) and control 
streaking (left-hand plate) from artificially contaminated raw food 
selective enrichment broths on to XLD agar plates 
_\. \ ; -" 
-144- 
After 24 h pre-enrichment, salmonella was isolated from 8 and 4 out 
of 13 salmonella-positive samples using immunomagnetic separation 
(38% false-negatives) and control streaking (69% false-negatives), 
respectively. Application of immunoDynabeads after 24 h resulted in a 
higher proportion of agar plates from which salmonella required 
restreaking compared with application after 6h (Table 7.2). All 
salmonellae isolated from chicken inoculated with a low level of S. 
typhimurium were found to be salmonella virchow. Salmonellae isolated 
from all other artificially contaminated samples were serologically 
confirmed as the artificial contaminant. 
It was noted that the immunoDynabeads were aggregated more when used 
with 24-h pre-enrichment broths than with 6-h broths. In general, the 
growth and isolation of salmonella from both selective agar media 
(XLD and BSA) were similar, except after 24 h pre-enrichment when 
there was a lower number of isolations on BSA (Appendices II and 
III). 
7.4 DISCUSSION 
The binding of S. typhimurium and a range of other organisms to M450 
and M280 Dynabeads (anti-rabbit IgG + anti-S. typhimurium flagellin 
IgG) was similar (Fig. 7.2). KValheim et al. (1989) found that, under 
certain conditions, the M280 Dynabeads were superior to the M450 
Dynabeads. The authors postulated that this was due to the lower 
weight and iron content of the M280 particles rendering them less 
prone to become detached from the B-lymphoma cells when the rosettes 
were being pulled through the liquid by the magnetic field. 
of the range of commercially available salmonella-specific antisera 
bound to M280 Dynabeads, BacTrace CSA-1 antibody gave the highest 
binding of salmonellae. The BacTrace CSA-1 antibody recognises 
antigens widely shared by salmonellae and the manufacturer 
(Kirkegaard and Perry Laboratories Inc) claims that it reacts with 
all the salmonella serotypes available from the ATCC. BacTrace CSA-1 
has been employed in a commercially available ELISA and, because a 
-145- 
non-motile Salmonella strain was not detected, it was considered that 
the antibody binds to flagellar antigens (Harford, 1987). 
It was considered (Chapter 6) that non-specific binding of most 
organisms to the Dynabeads was to the particle surface and not to the 
secondary antibody. This was confirmed by the very similar levels of 
non-specific binding of salmonellae to control M280 Dynabeads 
independent of their surface coating (Fig. 7.5). The differing levels 
of non-specific binding of the three salmonellae tested indicate the 
differing cell surface characteristics exhibited by members of the 
same genus. Although the non-specific binding of salmonellae is not 
an unwelcome phenomenon for this application, it does illustrate 
possible variability in the success of the salmonella enrichment 
depending upon the identity of the flora in the food broth. 
Because the BacTrace CSA-1 antibody was raised in goat it was 
biotinylated prior to coupling to streptavidin-coated Dynabeads. The 
other Salmonella antibodies, all raised in rabbit, were coupled to 
anti-rabbit IgG Dynabeads. To ensure that the coupling procedure did 
not account for the greater binding of the BacTrace CSA-l antibody, 
one of the antibodies, raised in rabbit, was biotinylated and coupled 
to streptavidin Dynabeads. This procedure did not improve the capture 
of salmonellae and hence the BacTrace CSA-1 antibody was considered 
to be superior for the purpose of Salmonella separation. The 
biotinylation procedure used does not label specific portions of the 
antibody molecules and hence the antibody binding portions of some 
may not be accessible to the antigens. A procedure in which the Fc 
portions of immunoglobulins are biotinylated might improve the 
orientation of the bound antibodies and improve Salmonella capture. 
When the binding of organisms to Dynabeads coated with BacTrace CSA-1 
and anti-S. typhimurium flagellin IgG was compared a similar pattern 
was seen (Fig. 7.4). BacTrace CSA-1 bound slightly more S. 
typhimurium (ca 0.5 loglo cycle) suggesting a greater affinity than 
the anti-S. typhimurium flagellin IgG. The higher binding of Staph. 
aureus to the anti-S. typhimurium flagellin IgG Dynabeads could 
be 
explained by the interaction between staphylococcal protein A and 
the 
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Fc portion of immunoglobulin which would be present at a higher 
concentration than on the streptavidin Dynabeads. 
using an immunoDynabead bioluminescence technique, S. enteritidis 
could be detected in artificially contaminated egg yolk down to a 
level of about 105 cfu/g in 20 min. The fact that S. enteritidis 
bound to control Dynabeads in greater numbers than when in broth 
culture indicates that components (e. g. lipoproteins) of the egg yolk 
increased the non-specific binding. In addition, salmonellae may also 
have been entrapped within the particle aggregates. It may be 
possible to reduce non-specific binding and entrapment by 
pre-treatment of the egg yolk using suitable surfactants to 
solubilise lipoproteins and mild sonication to disperse the 
particles. 
The estimation of microbial population levels in foods of less than 
about 106 cfu/g has been hindered by the high levels of ATP intrinsic 
to foods (Sharpe et al., 1970). The destruction or separation of 
non-microbial ATP from the microbial ATP was considered necessary. 
The selective extraction of ATP from the non-microbial material and 
the enzymtic destruction of the "free" ATP has been applied to the 
estimation of yeasts in orange juice (Vantsaen, 1980). The physical 
separation of bacteria from raw meats has been achieved using a 
three-stage process involving low speed centrifugation, cation 
exchange resin and filtration (Stannard & Wood, 1983). immunomagnetic 
separation offers a less manipulative and more readily automated 
alternative to separating bacteria than this with the benefit of 
specificity provided by the antibody. The occurrence of non-specific 
binding, however, would mean that the measurement of ATP would not 
necessarily indicate the presence of salmonellae. 
The quantity of immunoDynabeads was shown to affect the extent of 
capture of low levels of Salmonella, as determined by colony 
counting. Although a high concentration of particles will increase 
the likelihood of collisions with target organisms there is an 
economic consideration of the cost per test which will also increase. 
In addition, non-specific binding could increase at a greater rate 
than immunological binding with an increase in particle concentration 
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due to entrapment. Howell et al. (1984) recommended the use of a 
dilute suspension of magnetic particles throughout the isolation and 
washing steps to reduce non-specific binding. By using a larger 
volume of cell suspension (5 ml compared with 1 ml) the 
immunoDynabeads enabled the concentration of salmonellae as well as 
their separation and enrichment. To achieve this concentration effect 
the quantity of Dynabeads had to be increased proportionally to 
maintain a similar concentration in the cell suspension. using the 
same quantity of immunoDynabeads in a larger volume of cell 
suspension gave only a slight increase in salmonella capture. This 
was probably due to the lower concentration of beads and therefore a 
lower antibody-antigen reaction rate. An increase in the incubation 
time might have led to a further increase in cell capture. Although 
the occurrence of Dynabead/bacteria aggregates would produce an 
underestimate of cell binding, the ratio of Dynabeads to bacteria 
used here, which was about 10,000: 1, would obviate the problem. At 
higher cell concentrations, and hence smaller Dynabead: cell ratios, 
the underestimation could become significant. Use of the ATP assay 
would then provide more accurate levels of cell binding. 
A 10-min incubation period was selected as optimum using anti-S. 
typhimurium flagellin-coated Dynabeads with a high level of S. 
typhimurium (Chapter 6). It was considered that collisions between 
Dynabeads and cells would be more likely with such high levels of 
salmonellae and that antigen binding sites could quickly become 
saturated. Using the optimum concentration of BacTrace CSA-1-coated 
Dynabeads and low levels of salmonellae, 10 min was still considered 
to be the best compromise between maximising immunological binding 
and minimising non-specific binding. 
The use of the optimised Dynabead separation technique as a means of 
increasing the speed of detection of salmonellae by conductance 
measurements was investigated. The concentration effect of separating 
Salmonella cells from a large volume enabled a reduction in the 
detection time. Additionally, the immunomagnetic separation technique 
provided an improvement in conductance method sensitivity. Direct 
inoculation into MLD of a mixed suspension containing S. enteritidis 
and E. cloacae did not give a detection time (Fig. 7.13b) and 
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produced a conductance curve similar to that from inoculation with a 
pure culture of E. cloacae, at the same cell density (Fig. 7.13a) 
i. e. a false-negative result. Although the mixed inoculum contained 
5x 104 cfu/ml S. enteritidis, the typical curve produced by the same 
cell density of S. enteritidis in pure culture (Fig. 7.13a) was not 
observed. After immunomagnetic separation, however, a conductance 
curve with a detection time of 3.6 h was obtained (Fig. 7.13b). This 
detection time was the same as that obtained using a pure culture of 
S. enteritidis at the same level (Fig. 7.13a). This would suggest 
that the conductance signal derived from the mixed suspension, 
subjected to immunomagnetic separation, was due to S. enteritidis. 
This assumption was reinforced by the finding that the ratio of 
salmonella to Enterobacter was increased from 1: 220 before separation 
to approximately 1: 1 after immunomagnetic separation and incubation 
of the beads for 24 h in the Bactometer. The presence of the 
competitor organism at levels of approximately 2 loglo cycles greater 
than S. enteritidis appeared to inhibit either its multiplication 
and/or its characteristic metabolism in the conductance medium. 
In foods, the presence of competitor organisms at sufficiently high 
levels can give rise to false-positive results. For instance, Easter 
& Gibson (1985) found that Citrobacter freundii was detected in their 
conductance method for the detection of salmonella. The results of 
the present study indicate that false-positive detection may be 
reduced by immunomagnetic separation of the target organism prior to 
detection of the bound cells by conductance measurements. More 
importantly, false-negative results due to inhibition of Salmonella 
by higher numbers of competitor organisms may be eliminated by the 
use of immunomagnetic separation. 
Bird et al. (1989) used conductance measurements to detect 
salmonellae separated using Bio-EnzabeadTM screen Kit beads and 
antibody-coated M450 Dynabeads. The use of Bio-Enzabeads caused an 
increase in the salmonella detection time compared with a standard 
conductance procedure. This was attributed to the low level of 
binding of salmonellae due to the limited surface area and has been 
supported by results from this study (Chapter 6). In addition, there 
was no evidence for significantly higher levels of salmonella binding 
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than non-salmonellae (chapter 6). Using M450 Dynabeads, Bird et al. 
(1989) obtained similar detection times compared with the standard 
conductance procedure. As with the present study, the authors also 
inferred the occurrence of non-specific binding of salmonella due to 
conductance curves produced from control Dynabeads. 
An immunoDynabead separation and streaking technique was applied to 
the detection of salmonella in processed and raw foods after various 
stages of conventional cultural enrichment. when the immunoDynabead 
separation technique was applied to processed foods, salmonella was 
not isolated after 6h pre-enrichment (Table 7.1). This suggests that 
the period of resuscitation of damaged salmonellae was sufficiently 
long to prevent cells multiplying to a level that could be separated 
and detected. The lag phase of sublethally damaged S. typhimurium 
cells has been reported to be as long as 14 h (Mackey & Derrick, 
1982). Results from this present study, however, show that 
immunomagnetic separation could be successfully applied after 24 h of 
pre-enrichment. Although control streaking also isolated salmonella 
from 24-h pre-enrichment broths, samples that contained a higher 
number of competitors may have overgrown any salmonella on the 
selective isolation media and may also have caused an inhibitory 
effect on Salmonella multiplication (Jameson, 1962; Beckers et al., 
1987). Application of the immunomagnetic separation technique to 
processed foods after 24 h pre-enrichment would provide a time-saving 
of at least 1 day over the conventional cultural method for the 
presumptive detection of Salmonella. 
Application of the immunomagnetic separation technique to selective 
enrichment broths increased the sensitivity of the conventional 
cultural method for detection of salmonella in raw foods (Appendices 
III & IV). The higher rate of false-negative results in the 
conventional cultural method was probably due to overgrowth of 
salmonellae by competitor colonies on the isolation media. 
This was 
overcome by the immunomagnetic separation technique which resulted 
in 
enrichment of salmonella. Although the conventional cultural method 
is the standard by which alternative methods are 
judged, these 
results show that it is less sensitive than the immunomagnetic 
separation/detection technique. Todd et al. (1987) suggested 
that the 
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Salmonella Bio-Enzabead Screen Kit was more sensitive than the 
conventional cultural method, and that many of the ELISA false- 
positives could have been due to the failure to isolate the organism 
conventionally. 
The pH neutralisation step prior to application of the immunomagnetic 
separation technique may not be necessary since the technique 
successfully showed salmonella enrichment from the RV broths (pH 
5.2-5.7). The pH of these broths was within the range considered 
acceptable (pH 5-7) when the BaCTrace CSA-1 antibody was used in 
conjunction with the commercially available ELISA (Harford, 1987; 
Blackburn & Stannard, 1989). more salmonella isolations were made 
from RV than SC broths and this difference in selective enrichment 
medium productivity has been reported previously (Blackburn & 
Stannard, 1989). 
when applied after 6h pre-enrichment of raw foods, immunomagnetic 
separation was more sensitive than control streaking (Table 7.2 and 
Appendices II & III). Although false-negative results (compared with 
the full conventional cultural method) were obtained at this stage, 
it indicates the potential for application of the immunomagnetic 
separation technique. This would provide a time saving of 2 days 
compared with the conventional cultural method. There was a reduction 
in the number of isolations of salmonella using the immunomagnetic 
separation technique at the 24-h pre-enrichment stage. Particle 
agglutination was, however, more extensive than at the 6-h 
pre-enrichment stage and probably caused by the non-specific binding 
of large numbers of non-salmonellae. This may account for the higher 
percentage of colonies that required restreaking. This high level of 
competitor organisms might have inhibited the growth of salmonella 
(Jameson, 1962) and the application of the separation technique 
between 6 and 24 h may give better Salmonella enrichment. 
Alternatively, separation after a shortened selective enrichment 
(4-6 h) may have prevented the occurrence of false-negative results 
and would provide a time saving of 1 day over the conventional 
method. 
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The salmonella isolation rate may be improved by treatments that 
reduce non-specific binding during the separation step and 
disaggregate cell/magnetic particle clumps prior to streaking. it is 
possible that the direct selective enrichment of raw foods (as 
recommended for raw or highly contaminated meat and meat products, US 
FDA, 1984) may inhibit the growth of competitor organisms 
sufficiently, thereby improving the target to non-target ratio and 
allowing more effective isolation of salmonella using the 
immunomagnetic separation technique after 6 or 24 h cultural 
enrichment. 
The centrifugation step, although not excessively time consuming, 
added to the manipulations required. A filtration technique would be 
more suitable for automation and may give a more efficient removal of 
large non-microbial aggregates which is likely to improve the 
recovery of immunomagnetic particles and hence the enrichment. An 
electromagnet, while being more suitable for an automated system than 
permanent magnets, would also allow stronger magnetic fields to be 
applied. This would increase the speed of particle separation and 
improve the recovery of magnetic particles, so achieving a more 
efficient enrichment. 
7.5 SUMMARY 
Four commercially available genus-specific salmonella antibodies were 
coupled to M280 Dynabeads and screened for efficiency of cell 
binding. Three of the antisera, which were raised in rabbits, were 
coupled to anti-rabbit IgG-coated Dynabeads. The other antibody 
(BacTrace CSA-1), raised in goat, was biotinylated and coupled to 
streptavidin-coated Dynabeads. This latter immunoDynabead preparation 
gave the highest degree of immunological binding of three salmonella 
serotypes and was used for further work. 
The immUnoDynabeads were used to separate salmonella enteritidis 
from artificially contaminated egg yolk and detected down to a level 
of about 105 cfu/g in 20 min using the firefly bioluminescent assay. 
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Several factors affecting the efficiency of salmonella capture were 
studied including the quantity of immunoDynabeads, the volume of cell 
suspension and the incubation time for cell capture. The addition of 
0.5 mg of immunoDynabeads to a 5-ml volume with a 10-min incubation 
was considered as the optimum. 
The immunoDynabead separation technique was combined with conductance 
measurements to separate and detect salmonellae. Immunomagnetic 
separation reduced the detection time of a pure culture of S. 
enteritidis by 3h compared with a standard conductance procedure. 
Immunomagnetic separation enabled detection of S. enteritidis from a 
mixed culture with E. cloacae which was not detected with the 
standard conductance procedure. 
ImmunoDynabeads were used to separate salmonellae from artificially 
contaminated processed and raw foods at various stages of a 
conventional cultural method. Captured salmonellae were detected by 
streaking the separated particles on to salmonella-selective agars. 
The separation technique gave 100% agreement with control streaking 
when applied to 24-h processed food pre-enrichment broths but 
enrichment of salmonella was observed. When applied to raw food 
selective enrichment broths the immunoDynabead separation technique 
was more sensitive than the conventional cultural method. The 
technique showed potential for application to 6 and 24-h raw food 
pre-enrichment broths. 
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SEPARATION AND DETECTION OF BEAT-TREATED SALMONELLA ANTIGENS USING 
AN IMMUNODYNABEAD ELISA 
8.1 INTRODUCTION 
many ELISAs have been developed for the detection of salmonella in 
foods (Chapter 2.3). Because most of the techniques required at least 
106 salmonellae/ml for detection (Robison et al., 1983; Aleixo et 
al., 1984) considerable periods of cultural enrichment were required, 
so detracting from the speed of the assay. It has been claimed that 
populations of 105-107 salmonellae/ml could be reliably obtained in 
overnight pre-enrichment cultures (D'Aoust & Maishment, 1979) 
enabling an ELISA result in as little as 19 h (Lee et al., 1990). 
However, most manufacturers of commercially available ELISAs 
(Salmonella Tek ELISA, Tecra Salmonella visual Immuncassay, Q-TROL 
salmonella Test) still recommend at least 48 h of cultural 
enrichment. 
Attempts have been made to improve the sensitivities of ELISAS for 
the detection of salmonella in foods by capturing more target antigen 
prior to assay. Ibrahim et al. (1985c) used titanous hydroxide to 
concentrate salmonellae non-selectively and obtained an increase in 
sensitivity of up to 160-fold compared with that obtained using 
microtitre plates. Blais & Yamazaki (1989) used an antibody-coated 
polyester cloth to specifically concentrate Salmonella antigens. 
This, together with an EDTA treatment to dissociate the antigens into 
non-sedimentable forms, led to a increase in assay sensitivity. 
Immunomagnetic particles provide a large surface area for antigen 
binding (Forrest & Rattle, 1983) and have been used as the solid 
phase in enzyme immunoassays for antibodies (Guesden et al., 1978; 
Patel et al., 1984), hepatitis B (Wang et al., 1988) and 
staphylococcal enterotoxin B (Patel & Gibbs, 1984). Large (3 mm 
diameter) antibody-coated beads have been used in an ELISA for 
Salmonella detection (Bio-Enzabead screen Kit) though the low surface 
area to volume ratio compared with 4.5-pm diameter particles led to 
lower binding of viable salmonellae (Chapter 6; Bird et al., 1989). 
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BaCTrace CSA-1 antibody has been biotinylated and coupled to 
streptavidin M280 Dynabeads and used to separate and enrich viable 
Salmonella cells from food enrichment broths (Chapter 7). when the 
antibody was used in a microtitre plate-based sandwich ELISA, 105_108 
salmonellae/ml were required to give a strong positive result 
(Harford, 1987). The aim of this present study was to use the 
BacTrace CSA-1-Dynabead preparation as the solid phase for an ELISA 
for the separation and detection of heat-treated Salmonella antigens. 
8.2 MATERIALS AND METHODS 
Pure cultures 
S. typhimurium (NCTC 74) was cultured in BPW at 37*c for 24 h, 
diluted (serial, decimal) in 0.15M phosphate-buffered saline, pH 7.3 
(PBS, Oxoid) and plated (0.1-ml spread) on PCA (Chapter 3). Bacterial 
suspensions were heated in a boiling water bath for 15 min and cooled 
to ambient temperature. ImmunoDynabeads (20 pl, M280 streptavidin + 
BacTrace CSA-1) were added to 1-ml portions of the suspensions in 
Cryotubes (pre-treated with 0.5% PLG solution, as described in 
Chapter 6) and incubated at ambient temperature for 60 min with 
mixing (multimix). In addition, M280 streptavidin Dynabeads coated 
with a 1: 10 dilution in PBS of biotinylated BacTrace CSA-1 (prepared 
as described in chapter 7) were also used. Dynabeads were washed six 
times with PBS + 0.05% V/V Tween 20 (PBS-T) and 1 ml of 1: 500 
dilution in PBS-T of Salmonella antibody (BacTrace CSA-1) coupled to 
phosphatase (Kirkegaard and Perry Laboratories Inc, USA) was added. 
After incubation at ambient temperature for 60 min with mixing, 
Dynabeads were washed six times with PBS-T. Para-nitrophenyl 
phosphate (PNPP) substrate solution (0.5 ml, Kirkegaard and Perry 
Laboratories Inc, USA) was added to the Dynabeads and incubated at 
ambient temperature for 30 min. The reaction was stopped by the 
addition of 0.5 ml EDTA solution (5% m/V). Portions (200-pl) were 
transferred to a microtitre plate and the absorbance at 410 nm 
determined using a MicroELISA Minireader MR 590 (Dynatech 
Laboratories Ltd, Billingshurst). 
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Artificially contaminated egg yolk 
Portions of egg yolk, diluted and artificially contaminated with S. 
enteritidis phage type 4 (see Chapter 7), were heated in a boiling 
water bath for 15 min and then centrifuged at 4,000 rev/min for 5 min 
(centaur 2). Heat-extracted S. enteritidis antigens were separated 
from 1-ml portions of the supernatant using Dynabeads (20 pl, M280 
streptavidin + BacTrace CSA-1) and detected by ELISA as described 
previously. 
8.3 RESULTS 
8.3.1 Separation and detection of S. typhimurium in pure culture 
Salmonella antigens were separated from a boiled culture of S. 
typhimurium using M280 Dynabeads and detected down to a level 
corresponding to ca 106 cfu/ml using an ELISA (Fig. 8.1). The ELISA 
absorbance readings were greater with neat antibody coupled to 
particles compared with 1: 10 dilution of the antibody. The former 
immunoDynabead preparation was therefore used for subsequent work. 
8.3.2 Separation and detection of S. enteritidis in egg yolk 
using the immunoDynabeads, heat-treated S. enteritidis antigens were 
separated from artificially contaminated egg yolk and detected by the 
ELISA down to a level of ca 106 cfu/g within 3.5 h (Fig. 8.2). Due to 
the ten-fold dilution of the egg yolk prior to analysis, the limit of 
sensitivity of the assay was in fact ca 105 cfu/ml. Dilution of the 
egg yolk was necessary prior to heat treatment to prevent 
solidification of the sample. 
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Fig. 8.1 Detection of heat-treated S. typhimurium (NCTC 74) antigens 
using an immunoDynabead ELISA 
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Fig. 8.2 Detection of heat-treated S. enteritidis (NCTC 5188) antigens 
in 
artificially contaminated egg yolk using an immunoDynabead 
ELISA 
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8.4 DISCUSSION 
using biotinylated BacTrace CSA-1-coupled streptavidin M280 Dynabeads 
as the solid phase for an ELISA to separate and detect heat-treated 
salmonella antigens, a limit of sensitivity of 105-106 cfu/ml was 
obtained. It is likely that the assay time of 3.5 h could be reduced 
by further optimisation (e. g. time, temperature and agitation 
parameters) at each stage of the procedure. The sensitivity of the 
technique might be improved by separating salmonella antigens from a 
larger volume and by increasing the concentration of Dynabeads. These 
factors were shown to increase the capture of low levels of viable 
salmonellae (chapter 7). 
Microtitre plate-based assays are limited to the use of less than 
300 pl of target antigen solution whereas immunomagnetic particles 
could be separated from volumes as large as 10 ml. Providing there is 
efficient antigen capture, an increase in sensitivity of up to 
100-fold should be possible. Lim & Fok (1987) used latex particles 
sensitised with a salmonella 0-9 monoclonal antibody to detect group 
D salmonellae in blood culture broths. The authors used a tube 
agglutination technique to trap antigens from large volumes to 
increase the sensitivity (>4-fold) compared with a slide 
agglutination test. No improvement in sensitivity was made when the 
volume of the tube agglutination was increased from 1 ml to 4 ml. 
Harford (1987) found that the sensitivity of the commercially 
available ELISA using the BacTrace CSA-l antibody (105_108 cfu/ml) 
depended on the salmonella serotype. A more extensive range of 
serotypes would be required to be tested with the immunoDynabead 
ELISA to ensure an improvement of assay sensitivity compared with the 
microtitre plate based assay. Antigen-antibody reactions at a 
solid-liquid interface can be diffusion-limited due to depletion of 
reactants close to the surface (Stenberg & Nygren, 1988). The use of 
immunomagnetic particles, which give a much larger surface area for 
these reactions (up to 50-100 cm2/ml of sample, Skjerve et al., 
1990), is likely to be more sensitive than a microtitre plate-based 
assay. 
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Another approach to increase the sensitivity of the assay could be 
the use of enzyme amplification techniques. An enzyme amplification 
technique has been described in which the enzyme label is used to 
catalyse the dephosphorylation of NADP+ to NAD+ which activates an 
NAD+-specific redox cycle, yielding an intensely coloured formazan 
dye (Stanley et al., 1985). Aleixo & Swaminathan (1988) claimed a 
100-fold increase in sensitivity of a salmonella ELISA by using a 
fluorogenic substrate in place of a colourigenic substrate. The use 
of enzyme immunoassays that utilise a chemiluminescent endpoint which 
have improved sensitivities compared with equivalent radio- 
immunoassays have been described (weeks et al., 1986). 
The advantage of separating viable salmonellae is the opportunity to 
allow further culturing of the enriched population. The disadvantage 
is the occurrence of non-specific binding of some non-salmonellae to 
the Dynabeads which could diminish the enrichment of salmonella. This 
non-specific binding was shown to be predominantly to the Dynabead 
surface rather than via the antibody coating (chapter 7.3.1). The use 
of an enzyme immunoassay to detect bound salmonellae would make this 
non-specific binding less of a problem. Excessive agglutination of 
the particles due to non-specific binding, however, might reduce the 
kinetics of the reaction between antibody conjugate and the captured 
cells and also the substrate incubations. The use of heat-treated 
cells might reduce non-specific binding. Heat-killed Vibrio 
proteolytica have been shown to be less adhesive to polystyrene than 
when viable (Paul, 1984). 
8.5 SUMMARY 
Biotinylated BacTrace CSA-1 antibody coupled to streptavidin M280 
Dynabeads were used to separate heat-treated salmonella antigens. 
Captured antigens were detected using an enzyme immunoassay employing 
BacTrace CSA-1 conjugated to alkaline phosphatase and p-nitrophenyl 
phosphate as the enzyme substrate. 
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using the immunoDynabead ELISA S. typhimurium antigens could be 
detected in pure culture down to a level corresponding to ca 10 6 
cfu/ml. S. enteritidis antigens could be detected in artificially 
contaminated egg yolk down to a level corresponding to about 
106 cfu/g. 
The potential of the immunoDynabead ELISA for Salmonella detection in 
foods is discussed. 
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GENERAL DISCUSSION 
Existing rapid methods for the detection of Salmonella in foods, 
although providing a time saving compared with conventional methods, 
still require levels of about 105-107 cfu/m, (D'Aoust, 1984), which 
necessitates lengthy periods of liquid cultural enrichment. The broad 
objective of the present study was to investigate the use of 
immunomagnetic particles for the separation of Salmonella from foods. 
it was envisaged that this technique would enable a reduction in this 
period of cultural enrichment and provide the flexibility for 
allowing the detection of the separated salmonellae by a range of 
techniques. 
The extent of growth of salmonellae in the food pre-enrichment broth 
is a crucial factor in the detection of the organism using existing 
rapid salmonella methods, as well as a specific separation technique 
based on immunomagnetic particles. The discovery that, in a mixed 
bacterial culture, the attainment of stationary phase by the majority 
organism can affect the growth of the minority organism (Jameson, 
1962) has important implications for salmonella methodology. This is 
underlined by evidence that this inhibition can affect the growth of 
salmonella in food pre-enrichment broths (Beckers et al., 1987). Lee 
et al. (1990) developed an ELISA for the detection of S. typhimurium 
after a 24-h pre-enrichment and concluded that the non-salmonellae 
did not exhibit physical interference with the assay. However, the 
concentration of salmonellae attained after 24 h was reduced as the 
inoculum, level of the non-salmonellae was increased which provides 
further evidence for the inhibitory effect. 
In the present study the inhibitory effect of trypsin on the growth 
of coliforms other than Salmonella (Reamer et al., 1969) was 
investigated. Although evidence for a growth and/or resuscitation 
inhibitory effect was obtained, it would not appear to have any 
significant benefit for use with an immunomagnetic separation 
technique for Salmonella. There is, however, a need to devise 
enrichment protocols that selectively enhance the growth of 
-163- 
salmonella, particularly in pre-enrichment broth (Harford, 1987; 
Aleixo & Swaminathan, 1988). 
It was considered that the effect of the liquid growth medium on the 
production of flagella by salmonellae would, in turn, affect an 
immunomagnetic particle separation technique targeted at the H 
antigens. Flowers (1985) concluded that culturing in M-broth enhanced 
salmonella flagellar antigen production compared with growth in GN 
broth. Results from the present study, however, indicated that GN 
broth inhibited flagellar antigen production compared with growth in 
three other broths including M-broth. The BacTrace CSA-1 antibody 
preparation which, when bound to Dynabeads was found to be the most 
effective antibody compared with polyvalent H antisera, contains 
antibodies that react with salmonella flagellar (Harford, 1987) and 
cell wall (Blais & Yamazaki, 1990) antigens. It may, therefore, be 
prudent to investigate factors affecting antigen production using an 
ELISA based on this antibody preparation. 
Non-specific binding of non-salmonellae to the immunomagnetic 
particles meant that separation from mixed microbial cultures did not 
necessarily give a pure culture of Salmonella and therefore a 
detection technique with some degree of specificity was required. 
However, an improved Salmonella to non-Salmonella ratio was obtained 
on the separated particles. This could mean that if the separated 
micro-organisms were allowed to multiply further this improved ratio 
could enable the attainment of higher numbers of salmonellae due to 
prevention of the inhibitory effect initiated when the majority 
organism reaches stationary phase (Jameson, 1962). Application of the 
separation technique may obviate the need for a large proportion of 
the Salmonella cultural incubation time in which neither the target 
cell numbers or the target: non-target ratio is increasing. 
The optimised immunomagnetic separation technique was shown to 
capture up to 50% of the added salmonellae. Therefore by separating 
the magnetic particles and resuspending them in a smaller volume the 
concentration of salmonellae could be increased. This would improve 
the sensitivity of a detection technique applied at this stage. The 
affinity of the antibody was found to affect the efficiency of 
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binding of the salmonella serotype and therefore the improvement in 
detection sensitivity will vary accordingly. 
If the immunomagnetic separation technique was to be automated, it 
could be applied after any period of cultural enrichment. Results 
from this study demonstrated the potential for applying the technique 
to 6- and 24-h pre-enrichment broth cultures. These incubation times 
were chosen for the convenience of performing the separations during 
a working day. It is possible that applying the separation technique 
between 6 and 24 h could have led to improved enrichment. The 
conventional salmonella detection procedure has been likened to a 
"black box" (Beckers et al., 1987) with very little understanding of 
the growth of the organisms prior to isolation. with this information 
the separation technique could be applied at the optimum time, 
therefore maximising the salmonella enrichment benefit offered by the 
technique. 
The use of 6-h incubations has been incorporated into rapid 
Salmonella detection methods including ELISA (Blackburn & stannard, 
1989), nucleic acid probes (Flowers et al., 1987b; Mozola et al., 
1991) and the HGMF (Entis et al., 1982). A 6-h incubation 
is the 
maximum incubation time that is practical for an 8-h working 
day when 
microbial manipulations are required prior to, and after, this 
period. As well as not necessarily being the optimum 
incubation time 
for Salmonella growth in that particular stage of the 
detection 
technique, the use of a 6-h incubation can limit the times at which 
food-sample analysis is initiated due to the time constraints on 
other cultural stages in the procedure. The use of an automated 
separation system would provide both standardisation 
to an optimised 
incubation time and more flexibility as to when 
food samples were set 
up. Automation would also reduce the labour 
involved with the 
technique, particularly the washing procedure that 
is both 
manipulative and the potential source of variation 
between 
technicians. 
The work reported here has involved the study of cell adhesion 
which 
contributes to the non-specific binding that reduces 
the efficiency 
of salmonella enrichment. The fact that no single mechanism reduced 
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the non-specific binding of all the organisms tested suggests that 
there are a range of factors involved in cell adhesion, a conclusion 
that has been drawn by other workers (McEldowney & Fletcher, 1986). 
Reduction of non-specific binding would improve the separation of 
salmonellae but it would appear to be a complex process and would 
probably require a range of different approaches to reduce the 
binding of the wide range of organisms likely of be encountered when 
applied to food systems. 
one approach to studying cell adhesion has been to consider bacteria 
as colloidal particles and to apply electrokinetic and thermodynamic 
theories. In some experiments, however, the process of cell adhesion 
has not conformed to these physicochemical predictions and it is 
likely that the physiology of the cells or the chemical and 
structural complexity of their surfaces is playing a major role 
(Fletcher, 1987). Busscher & Weerkamp, (1987) put forward an 
hypothesis for cell adhesion to account for the role of specific 
microscopic surface components as well as non-specific surface 
properties such as surface free energy, zeta potential and 
hydrophobicity. At large separation distances (>50 nm) only 
attractive Van der Waals forces operate and so macroscopic cell 
surface properties are dominant, while between 10-20 ran additional 
electrostatic repulsion becomes active. At distances of less than 
1.5 nm specific interactions can take place provided that cell 
surface components can remove water and facilitate direct contact, an 
ability that will be very much strain-dependent. 
There are several avenues of future work that might lead to 
improvement of the immunomagnetic separation technique. Maximising 
the multiplication of salmonellae in the food broth prior to 
application of immunomagnetic particles would improve salmonella 
enrichment and may allow the technique to be applied at an earlier 
stage of cultural enrichment. In raw foods, investigation and 
prevention of the inhibition of salmonella growth caused by the 
competing organisms could be undertaken. This might be achieved by 
the timed addition of selective agents prior to the competitor 
organisms reaching stationary phase. For processed foods, an 
additional approach would be the study of methods to reduce the 
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resuscitation period of sublethally damaged salmonellae allowing 
their more rapid multiplication. 
Further study of the mechanisms invol, 
bacterial binding to immunoDynabeads, 
problem, might improve the enrichment 
current study suggest that a range of 
required, such as a pre-filtration or 
addition of surfactants. 
ved in the non-specific 
with a view to reducing the 
of salmonella. Results from the 
different approaches may be 
centrifugation step and the 
Another means of improving the enrichment of salmonellae would be to 
optimise the incubation time prior to application of the 
immunomagnetic particles. This would involve applying the particles 
after various lengths of cultural incubation and also monitoring the 
growth of salmonella and non-salmonellae in the broth. Results from 
the present study would suggest that immunomagnetic separations 
between 6 and 24 h incubation in pre-enrichment broth would be 
optimal. For raw foods the same approach would seem appropriate but 
in addition the use of direct selective enrichment (as recommended 
for raw or highly contaminated meat and meat products, US FDA, 1984) 
might enhance salmonella enrichment by inhibiting the growth of 
competitor organisms. This approach of optimising cultural enrichment 
would maximise the growth amplification in the medium allowing the 
maximum capture of salmonellae on the immunomagnetic particles. 
Unless the separation technique is automated the time of application 
of the particles will be affected by the limitations imposed by the 
8-h working day. 
The present study has demonstrated the flexibility of using 
immunomagnetic particles with respect to the choice Of salmonella 
detection technique. If either the concentration of captured 
salmonellae or the Salmonella: non-Salmonella ratio were insufficient 
for detection using the chosen technique, the separated cells could 
be reincubated by inoculating the particles into fresh media. The 
enrichment of Salmonella should prevent or delay the inhibitory 
effect of the competitor organisms reaching stationary phase, and 
also remove much of the food matter that may interfere with detection 
techniques such as those based on fluorescent antibodies. The choice 
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of whether to use a selective or non-selective reincubation broth and 
the length of incubation time required will depend upon the success 
of the salmonella enrichment and will have to be determined 
empirically. Provided that an automated separation process was 
developed the shortened pre-enrichment, immunomagnetic separation and 
reincubation might provide a sufficient population for detection in 
considerably less than 24 h. The technique would require testing with 
a range of foods with both artificially and naturally contaminated 
samples. 
The use of enzyme amplification techniques and the opportunity to 
concentrate antigens from a large volume could be developed further. 
This might increase the sensitivity of the detection technique and 
enable it to be applied at an earlier stage of cultural enrichment. 
Immunomagnetic particles could be used to separate Salmonella nucleic 
acid from food samples for detection by hybridisation with 
enzyme-labelled nucleic acid probes. Application of polymerase chain 
reaction (PCR) technology to this technique would greatly improve 
assay sensitivity and reduce further the cultural enrichment 
necessary prior to application. 
The immunomagnetic separation technique might also be applied to the 
separation of other pathogens (e. g. Listeria, campylobacter and 
verotoxigenic E. coli) provided that suitable antibodies were 
available and, when coupled to the magnetic particles, showed 
sufficient specificity and affinity for their target cells. As an 
alternative to antibodies, lectins could be coupled to the magnetic 
particles. These glycoproteins, which selectively bind carbohydrates, 
have been shown to be effective when bound to polystyrene spheres 
(Slifkin & Doyle, 1990) and have found applications in the field of 
diagnostic microbiology due to their ability to probe subtle surface 
differences between isolates of the same species (Doyle & slifkin, 
1989) . 
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APPENDICES 
Key: 
PE Pre-enrichment broth 
RV Rappaport Vassiliadis broth 
sc Selenite cystine broth 
C Control streaking 
MS Streaking after magnetic separation 
XLD Xylose lysine desoxycholate agar 
BSA Bismuth sulphite agar 
R Restreaking necessary to obtain isolated colonies 
M Majority of isolated colonies 
SaIM017ella 
Non-salmonellae 
No colonies in sector (see below) 
4, Sector in which most isolated colonies found 
(see Fig. 7.1 
Example: 
XLD M On XLD, Salmonella and non-salmonellae isolated in sector 2+ 
with non-salmonellae in the majority 
BSA On BSA, non-salmonellae isolated in sector 3+, Salmonella isolated 
in sector 2+ and required restreaking 
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